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1Introduction
Fresh groundwater mixes with saline estuarine and coastal ocean waters in an area 
known as the subterranean estuary (STE) (Moore, 1999). A salinity gradient occurs 
across the STE similar to surface estuaries and processes such as adsorption and 
flocculation, ion exchange, and chemical precipitation occur. The STE therefore acts as a 
source for some compounds and a sink for others (Charette et al., 2008; Moore, 1999). 
Water flowing through the STE is a combination of water originating in the coastal ocean 
as well as fresh groundwater derived from upland sources. Water that is cycled through 
the STE and eventually discharged to the surface is termed SGD. More specifically, SGD 
is defined as “any and all flow of water on continental margins from the seabed to the 
coastal ocean, regardless of fluid composition or driving force” (Burnett et al., 2003). 
Submarine groundwater discharge may be a major contributor to the budget of a wide 
variety of compounds important to the biogeochemical cycling of the global oceans 
(Moore, 2010). Understanding this interaction within coastal sediments is imperative to 
furthering our understanding of the cycling of water and chemicals such as nutrients and 
contaminants through the subterranean estuary and receiving coastal waters.
SGD is driven by many forces including hydraulic gradients, tidal fluctuations, 
and wave energy, as well as factors such as salinity and temperature that influence 
density (Moore, 1999; Moore, 2010; Santos et al., 2012). Additional small scale 
mechanisms of SGD such as bioirrigation, gas bubble movement, and ripple migration 
release pore waters (Santos et al., 2012). Local geology can also influence the mobility of 
groundwater and exacerbate or limit groundwater exchange. The mobility of groundwater 
through an aquifer depends upon hydraulic conductivity, which is a function of variables
2such as the porosity, tortuosity, and grain size distribution of the sediments as well as the 
viscosity of the flowing liquid. Silts and clays have a lower intrinsic permeability and 
therefore have lower hydraulic conductivities; unconsolidated sands have a higher 
hydraulic conductivity and allow for greater advective fresh groundwater flow 
(Schwarzenbach et al., 2003). Groundwater is stored in saturated sediments known as 
aquifers that may be confined or unconfined by an upper boundary aquitard. Dredging 
may alter the flow of SGD as it can breach this aquitard and increase advective flow and 
interaction with overlying coastal waters (Yehdegho et al., 1997; Moore, 1999). 
Groundwater from deep aquifers is pumped for municipal, industrial, agricultural and 
domestic head use. Fresh groundwater potentials and connectivity all flow through the 
STE (Harsh and Laczniak, 1990; Moore, 1999).
Regional land use patterns and environmental history can strongly affect the 
observed levels and fluxes of various chemicals such as nutrients, trace metals, and 
contaminants across the STE (Lapointe et al., 1990; Valeila et al., 1992; Charette and 
Buesseler, 2004; Ballestero et al., 2004). Shallow aquifers have been shown to be 
susceptible to anthropogenic contamination, especially in the upper thirty meters 
(Simmons, 1992; Valeila et al., 1992; Heywood and Pope, 2009). For example, the 
growth of population around Waquoit Bay [Massachusetts, USA] spurred an increase of 
nitrogen contamination in shallow coastal wells (Valeila et al., 1992). SGD enriched in 
nutrients to the coastal ocean was found to be greater than their input via surface 
pathways (Simmons, 1992) and has been linked to recurrent harmful algal blooms (Hu et 
al., 2006; Lee and Kim, 2007). SGD has been shown as a route for agricultural additives 
in shallow coastal aquifers to enter estuarine waters (Gallagher et al., 1996; Ballestero et
3al., 2004; Reay, 2004). After years of anthropogenic use, working waterways such as the 
Chesapeake Bay have been subjected to a slew of natural and manmade chemical 
compounds. For example, Elizabeth River sediments contain high concentrations of 
polycyclic aromatic hydrocarbons (PAHs) originating from industrial operations and 
shipping along the river (Mitra et al., 1999; Conrad et al., 2007).
Measuring Groundwater Discharge
Modern quantitative measurements of watershed groundwater discharge include 
techniques such as hydrograph separation, water mass balance, measurements of 
hydraulic gradients. By analyzing long-term stream flow (hydrograph), a base flow can 
be measured whose assumed source is groundwater. A water mass balance determines 
groundwater input by measuring all other sources and sinks of water within a system (i.e. 
precipitation, runoff, evapotranspiration) and calculating groundwater discharge through 
an assumed mass imbalance (Burnett et al., 2006). Hydraulic conductivity can be used in 
conjunction with Darcy’s Law to calculate groundwater input (Freeze and Cherry, 1979). 
However, these techniques are designed to solely measure fresh groundwater discharge 
and are therefore inadequate for quantitatively deciphering the amount of recirculated 
brackish and saline waters that also move through the STE (Burnett et al., 2006). 
Recirculated seawater typically accounts for more than 90% of the total water cycled 
through a subterranean estuary (Li et al., 1999). Seepage meters are a direct way of 
measuring the volume of SGD that includes the discharge of both fresh groundwater and 
recirculated seawater. Seepage meters measure SGD by enclosing an area of submerged 
sediment with a flexible container and analyzing volume displacement over a set length
4of time (Lee, 1977; Burnett et al., 2006). Seepage meters can also be used to analyze the 
chemical constituents present in SGD through longer meter deployment and accounting 
for headspace dilution (Burnett et al., 2006). The use of seepage meters works well in 
calm waters but in areas with strong wave action the precision of the instrument may 
drop significantly (Shinn et al., 2002; Corbett and Cable, 2003). The anisotropic nature of 
coastal sediments also makes it difficult to scale up seepage meter measurements to even 
basin wide estimates let alone global estimates (Burnett et al., 2006).
Tracers may also be used to assess and quantify SGD. Tracers are advantageous
as they are typically able to smooth out the heterogeneity found along coastlines which
are difficult to capture through direct measurement with seepage meters (Burnett et al.,
2001). An ideal tracer of SGD is enriched in groundwater, behaves conservatively in
seawater, and is easy to measure (Burnett et al., 2006, Charette et al., 2008). In
homogenous media, it is ideal to use a vertical profile of the tracer in pore waters and use
a one-dimensional advection-diffusion model (Cornett et al., 1989; Moore, 2000;
Schwarzenbach et al., 2003). A second and more universally acceptable method follows
the specific tracer through the system, which necessitates understanding all of the sources
• 226and sinks of that tracer within the system. Some common tracers include Ra and 
methane gas, but a wide variety of compounds including radioisotopes (tritium, uranium- 
thorium series isotopes), stable isotopes (carbon, strontium), and anthropogenic 
compounds (CFCs) have been used trace groundwater (Burnett et al., 2006). In order to 
further understand the wide variety of physical, chemical, and biological processes 
occurring within the subterranean estuary, it is ideal to use a variety of tracers and if 
possible a use these in conjunction with more traditional (Michael et al., 2011). Further
5discussion of methods of qualitatively and quantitatively measuring SGD is found in 
several review papers (Burnett et al., 2001, Burnett et al., 2006, Gallardo and Marui,
2006).
Use o f radioactive elements to examine water column processes
Fresh groundwater and recirculated brackish and saline waters flow through a 
complex geologic environment enriched with a variety of elements. Members of the 
uranium-thorium decay series are present in many sediments types in varying proportions 
where they are physically and chemically weathered and enter groundwater (Chabaux et 
al., 2003). Uranium and thorium are known to be compatible in a variety of minerals but 
in general it is difficult to predict their distribution or release rates in host rocks without 
direct analysis (Porcelli, 2008). Nuclides in the uranium-thorium decay series have 
different solubilities, physical behaviors, and undergo a variety of chemical reactions in 
coastal oceans and sediments. In Table 1, the behaviors of uranium, thorium, radium, and 
radon in fresh and saline waters are summarized.
The variety of short- and long-lived isotopes in this series can be described as 
being in secular equilibrium, that is the long-lived parent and short-lived daughter isotope 
have the same activity. Disequilibrium that exists between the parent and daughter can be 
used to trace water masses and ocean processes (Swarzenski, 2007). The use of water 
column disequilibrium as an oceanographic tool first appeared in the literature nearly half
-i t o  99zla century ago. Early measurements of U/ Th disequilibrium in shallow water shed 
light on the particle reactivity of thorium and the processes of scavenging and
• 9 9 7  991remineralization (Bhat et al., 1969). The disequilibrium of Ac and its parent Pa have 
been used to look at diapycnal ocean mixing (Geibert et al., 2002).
6Based on the behavior of these individual radionuclides and their varying half- 
lives, individual isotopes and comparative ratios may be used to look at a variety of
processes in the aquatic environment. Individual isotopes are often used as chronometers
210of processes occurring in estuarine and oceanic water. Due to its short half-life, Pb has 
been used extensively to measure sedimentation rates in estuarine environments (e.g. 
Nittrouer et al., 1979; French et al., 1994, Bellucci et al., 2007). 234U can be used to 
analyze weathering patterns and can trace SGD in reducing environments (Chabaux et al., 
2003; Charette et al., 2008). Radon can be used to qualitatively and quantitatively study 
estuarine mixing and gaseous exchange with the overlying air, and is likewise used 
extensively as a tracer of groundwater and estuarine mixing rates (McKee, 2008).
Radium as a tracer o f submarine groundwater
Radium is an ideal tracer of SGD: its dominant source is groundwater and it is 
therefore enriched in groundwater relative to surface waters, its contribution from other 
sources is minimal, it behaves conservatively in seawater, and it is relatively easy to 
measure (Burnett et al., 2006; Charette et al., 2008; Moore, 2010). As with other 
radioactive U-Th series isotopes, radium acts as an environmental chronometer and the 
suite of individual radium isotopes are on time scales that correlate to a variety ocean 
processes: 224Ra (3.66d), 223Ra (11.4d), 228Ra (5.75y), 226Ra (1599y) (Swarzenski et al., 
2001). The suite of radium isotopes has been used for over a decade to trace groundwater 
as it discharges into the marine environment (Moore and Arnold, 1996; Rama and Moore, 
1996; Moore, 2010).
Salinity controls the partitioning of radium to particles in surface estuaries and 
subterranean estuaries, and radium behaves non-conservatively in estuarine mixing (Li
7and Chan, 1979). Radium is produced by the alpha decay of four thorium parents (234Th,
232 228 227Th, Th, and Th). Thorium is strongly particle bound and when alpha decay 
occurs, radium and its corresponding alpha particle undergo recoil and may be expelled 
to the surface of the particle or directly in to the surrounding water. In freshwater, the 
dissolved radium is highly particle reactive and remains particle bound or quickly 
associates with particulate matter. In saline water, radium on the surface of particles is 
desorbed and high dissolved phase activities are observed (Li and Chan 1979; Moore, 
1999). Radium concentrations are enriched in brackish groundwater relative to surface 
water because groundwaters are closely associated with thorium enriched sediments 
(Moore, 1999).
The ratios of radium isotope activities have been used in a variety of applications 
from deciphering the geologic origin of groundwater and aquifer type (Al-Masri, 2006; 
Charette and Buesseler, 2004) to estimating the extent of riverine influence on the ocean 
(Moore et al., 1986; Moore and Krest, 2004). Table 2 shows several common
226applications of various radium activity ratios. The longer-lived radium isotopes ( Ra 
and Ra) have been used to provide models of long term coastal mixing extending 
offshore tens to hundreds of kilometers (Li et al., 1977; Moore, 2000; Moore, 2010). 
Evidence for a groundwater source of radium to coastal systems was first acknowledged 
by observations that these long-lived radium isotopes in coastal waters exceeded input 
from rivers; subsequent findings have observed the same concepts using the short-lived 
radium isotopes (Moore, 1996; Rama and Moore, 1996).
Nutrients in submarine groundwater discharge
Shallow aquifers are susceptible to anthropogenic contamination and may 
ultimately discharge this contamination to surface waters via SGD (Simmons, 1992; 
Valeila et al., 1992; Heywood and Pope, 2009). Coastal aquifers are consistently enriched 
in nitrogen, which is correlated with human activity (e.g. Valeila et al., 1992; Simmons, 
1992; Gallagher et al., 1996; Reay, 2004). High levels of ammonium have been observed 
in shallow pore water in the York River estuary (I. Anderson, VIMS, unpublished; 
Salisbury, 2011; Kellum et al., in progress), and the discharge of these nutrients in non- 
Redfield ratios (Redfield, 1934) may impact phytoplankton and bacterial communities 
and ultimately affect higher trophic levels dependent upon these (Slomp and van 
Capellen. 2004). Accurate estimates of SGD nutrient fluxes are imperative for proper 
nutrient management in the increasing number of eutrophied estuarine systems 
worldwide (Diaz, 2001).
Trace metals in submarine groundwater discharge
As with nutrients, SGD may be a significant source of trace metals to coastal 
regions. In studies of global metal budgets, groundwater has been proposed as a possible 
contributor that could solve many metal budget imbalances (Basu et al., 2001; Milliman, 
1993; Bone et al., 2007). Metals such as mercury and copper may have significant 
regional inputs to coastal systems via SGD (Bone et al., 2007, Charette and Buesseler, 
2004). Tracing radium isotopes from their groundwater source through mixing has also 
provided insight for a groundwater source of elevated iron observed in phytoplankton 
blooms in the Southern Ocean (van Beek et al., 2008). Significant potential for trace
9metal input via groundwater exists along the York River estuary. Military operations such 
as those along the York River estuary have repeatedly contaminated groundwater 
(USGAO, 2005; VaDEQ, 2005). The movement of metals associated with fossil fuels are 
of particular interest due to the heavy fuel reliance of military operations and as well as 
fuel spills associated with shipping (Everett 1998; USGAO, 2005). Sea level rise may 
alter the behavior of certain metals that may have previously been stable in aquifers but 
with exposure to higher salinities an increase in metal desorption and subsequent input to 
coastal waters may occur (Moore, 1999; Moore, 2010).
Organic contaminants in submarine groundwater discharge
Because industry often lines waterways, this interface of SGD from current and 
historic industrial sites could be important to the cycling of organic contaminants through 
estuarine systems. Because the subterranean estuary has a long residence time, it may be 
an important long-term source of contamination sequestered in sediments to the 
surrounding waters (Moore, 1999; Robinson et al., 2009). The Chesapeake Bay and its 
rivers have been used as shipping channels and their shorelines for agriculture and 
industry for hundreds of years and the long-term impacts on land and water quality is 
evident (Helz, 1976; Mitra et al., 1999). All groundwater samples collected in Phillips 
Creek (Virginia) had detectable levels of agricultural contaminants, while many seepage 
meters samples collected nearby detected these same compounds (Gallagher et al., 1996). 
In addition to agriculture, the York River watershed has a significant amount of industrial 
and military presence, especially along its coastline. There are multiple sites along the 
York River estuary with sediments heavily contaminated with PCBs that have been 
remediated to varying extents (VaDEQ, 2005). The Yorktown Naval Weapons Station
10
located on the south bank has contaminated groundwater and the nearby surface waters 
with a variety of contaminants including TNT and PCBs (VaDEQ, 2005; Bromage et al.,
2007). The Department of Defense has acknowledged their repeated contamination of 
groundwater within military bases and is working on mitigation efforts in some areas 
(USGAO, 2005).
Only one study thus far has field data examining the movement of fossil fuel 
derived contaminants through the STE, tracking a dissolved hydrocarbon plume from its 
origin through groundwater flowing in to a nearby estuary. Measurements of benzene, 
toluene, ethyl benzene, and xylene, (BTEX) and napthalene were collected and helped 
show this plume dominated flow only in the 10m nearest shore (Westbrook et al., 2005). 
Another study modeled the potential input of BTEX through SGD and demonstrated that 
tidal flushing may increase attenuation in the subterranean estuary (Robinson et al.,
2009). A few other studies have illuminated the potential for organic contaminant 
movement through SGD. A handful of seepage meter measurements were made in 
Sarasota Bay [FL, USA] to analyze for sewage infiltration and caffeine was identified in 
some samples (Peeler et al., 2006). Karst aquifers located several kilometers inland that 
drain in to the Caribbean Sea were contaminated with a variety of personal care products, 
pharmaceuticals, and industrial and agricultural products. However, the movement of 
these organic compounds from the inland aquifer to the Caribbean Sea was not 
investigated so this pathway is only hypothesized (Metcalfe et al., 2011).
The industrial history and the continued input of similar compounds via SGD 
suggests that a strong potential exists for PAHs and other organic contaminants to be 
present in shallow groundwater and may ultimately be discharged to surface water
11
through SGD. Long-term monitoring in the York River estuary suggest that studies on the 
input of contaminants such as PAHs and PCBs via groundwater are vital for 
understanding the long term health of Chesapeake Bay and the implementation of 
successful management strategies (Reay, 2009). Understanding how a diverse group of 
organic compounds moves through the subterranean estuary is inadequately understood 
and clearly necessitates further study.
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Table 1: Summarized behavior of U/Th series nuclides in seawater and freshwater 
(Chabaux et al., 2003; Swarzenski et al., 2003).
Element Behavior in Seawater
Behavior in 
Freshwater
Uranium conservative in oxygenated water
associated with 
particles (40-90%) 
and dissolved phase in 
oxygenated water
Thorium highly particle reactive
highly particle 
reactive
Radium
some particle reactivity, conservative in 
seawater
highly particle 
reactive
Radon noble gas, unreactive noble gas, unreactive
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Table 2. Summary of applications of radium isotope ratios (Porcelli and Swarzenski, 
2003; Porcelli, 2008; Charette et al., 2008, and sources therein).
Radium Isotope Ratio Applications
223/228 water residence time (weeks)
223/226 aquifer recharge rate
224/228 water residence time (days)
224/228 source lithology
224/228 thorium sorption rate
226/228 relative recoil rates, source lithology
14
Radium budget of the York River estuary (VA, USA) dominated by submarine 
groundwater discharge with a seasonally variable groundwater end-member
15
Abstract
Submarine groundwater discharge (SGD) is a major source of biogeochemically 
important compounds to the coastal environment. Naturally occurring radium (Ra) has 
been successfully used to trace SGD because it is enriched in sediments and desorbs from 
particles in saline environments. In the York River estuary (YRE), Ra was measured 
seasonally in surface water and shallow groundwater during 2012 (Jan. -  Mar. and Jul. -  
Sept.) and other Ra sources including desorption and diffusion from sediments were also 
quantified. The flux of SGD to the YRE was then determined by quantifying each source
• 1 H  1 / A  l i f tand sink within the system for several radium isotopes ( Ra, Ra, Ra). In the YRE, 
a major source of Ra that could only be satisfied by SGD was determined using the Ra 
mass balance. SGD estimates (6-118 L/m /d) made by season were similar, suggesting 
that Ra fluxes are driven by seasonality in the pore water end member rather than SGD 
volume variability. Short-lived Ra isotopes are regenerated more rapidly that long-lived 
Ra isotopes, indicating that short-lived Ra isotopes are best able to account for a variety 
of different flow paths including shallow flushing. This study provides evidence that the 
York River subterranean estuary cycles and discharges a significant quantity of water as 
SGD.
16
1. Introduction
Submarine groundwater discharge (SGD) may be a major contributor to the 
budget of a wide variety of compounds important to the biogeochemical cycling of the 
global oceans (Moore 2010). Global estimates of SGD rates are on the order of 0.01-10% 
of surface water runoff rates, with more estimates in the higher end of this range 
(Taniguchi et al., 2002). In some estuarine systems, such as Jamaica Bay [NY, USA], 
groundwater is the only natural freshwater input (Beck et al., 2007). A salinity gradient 
occurs across the STE similarly to surface estuaries and processes such as adsorption and 
flocculation, ion exchange, and chemical precipitation occur. The STE therefore acts as a 
source for some compounds and a sink for others (Charette et al., 2008; Moore, 1999).
SGD can be quantified either directly by collecting benthic fluxes of water or 
indirectly by using tracers of SGD (Lee, 1977; Moore 2010; Burnett et al., 2006). SGD 
flux estimates are extremely variable within a system as well as between systems and 
estimated fluxes often depend on the quantification method. The use of seepage meters 
for understanding SGD in large scale coastal environments is not practical for several 
reasons, including the high number of units required to understand natural variability, the 
intensive manual labor required, and artifacts associated with their use (Burnett et al., 
2006 and sources therein).
Radium (Ra) has been successfully used to trace SGD and coastal mixing 
processes (Moore, 2000; Moore, 2003, Moore et al., 2006). Radium is produced in 
sediments from the decay of its thorium (Th) parent and is bound to particles in fresh 
water. Both fresh and saline groundwaters are enriched in radium relative to surface 
waters that have low levels of the parent thorium. When surface bound radium in
17
sediments is exposed to saline waters, radium desorbs from the particle and enters the 
dissolved phase (Li and Chan, 1979). The varied half-lives of individual radium isotopes 
(223Ra=l 1.4 d, 224Ra=3.6d, 226Ra=1600y, 228Ra=5.75y) allows radium to be used as a 
conservative geochronometer in the coastal ocean over day to millennial time scales 
(Rama and Moore, 1996).
This study investigates SGD to the York River Estuary [VA, US] using a mass 
balance of Ra. Neither radium nor SGD in the York River estuary (YRE) have been 
investigated previously. Accurate estimates of SGD are crucial for understanding the role 
submarine groundwater discharge may play in the input of nutrients and other compounds 
of interest to the YRE and ultimately to the Chesapeake Bay. SGD has been determined a 
crucial part of the mass balance YRE was selected as a study site because these findings 
may be expanded to other sub-estuaries of the Chesapeake Bay as well as the Chesapeake 
Bay as a whole, and because a significant body of descriptive research has been collected 
within the YRE which improve the precision of calculations and provide broader spatial 
and temporal context for these results.
A box model for Ra was selected that encompasses the YRE from its head at the 
confluence of the Mattaponi and Pamunkey Rivers to its mouth where it enters the 
Chesapeake Bay. Radium enters the YRE through a) the Mattaponi and Pamunkey 
tributaries b) tidal flushing of salt marshes c) desorption from suspended sediments d) 
input from exchange with the Chesapeake Bay, e) diffusion from sediment and f) 
advection through sediments (SGD). Additionally, Ra also enters from industrial deep 
groundwater discharge at West Point, near the confluence of the Mattaponi and 
Pamunkey. Losses of radium from the YRE were calculated from exchange with the
18
Chesapeake Bay and loss of Ra to radioactive decay. The input of radium from advection 
through sediment (SGD) was estimated as the net difference between all other quantified 
sources and sinks. Additionally, this study provides improvements on estimates of inlet 
exchange, desorption, diffusive fluxes, and the pore water end member over previous Ra 
box models (Beck et al., 2007; Beck et al., 2008; Garcia-Solsona et al., 2008a). This 
study suggests that the distribution of Ra across the subterranean estuary is variable but is 
not random. Further, this study provides evidence that the SGD Ra end member is 
seasonally variable while SGD fluxes to the YRE are not. The residence time of the entire 
York-Mattaponi-Pamunkey systems ranges (Fig. 1) from <20 to > 200 days so both
O O/l  0 0  Ashort-lived ( Ra, Ra) and long-lived isotopes of radium ( Ra) were individually 
used to calculate the input of radium from the SGD and ultimately calculate the flux of 
water passing through the STE.
2. Methods
2.1. Site description
'y
The YRE drains about 6900 km of land in the lower portion of the Chesapeake 
Bay, and has two major tributaries, the Mattaponi and Pamunkey Rivers (Reay, 2009). 
The YRE is microtidal, with a mean tidal range of 0.7 m to 0.85 m but has significant 
tidal currents that are strongest in the channel and weaker on the shoals (Sisson et al., 
1997; Huzzey and Brubaker, 1998). The residence time of the YRE from West Point 
(head of estuary) to the YRE mouth can range from 20 days to more than 200 days under 
high and low flow conditions, respectively, and is typically approximately 40 days (Shen 
and Haas, 2004).
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The YRE experiences a range of salinities; surface water collected during 
sampling ranged between fresh water and salinity 25 annually while bottom waters were 
likely approximately 1.1 units more saline (Jian Shen, personal communication). During 
2012, surface water salinities ranged between 2 at the head of the estuary (WP) during 
winter to 23 near the mouth of the estuary during summer. The York River watershed 
receives a generally constant rate of precipitation year round, but high evapotranspiration 
rates in summer set up maximum salinity conditions in the YRE during late summer 
(VECOS, 2013). Similarly, low evapotranspiration rates in winter result in minimum 
salinity conditions during the winter months. Minimum salinity conditions were observed 
during January-March 2012 (herein referred to as winter) and maximum salinity 
conditions were observed from July-September 2012 (herein referred to as summer). 
Surface and pore water were sampled in winter and summer to represent the variation in 
radium activity across a range of salinities. Input from salt marshes, desorption from 
suspended sediments, and diffusion from sediments were measured without regard to 
season. During sampling, surface water salinity did not exhibit a continuous along- 
estuary gradient, but rather a local salinity maximum was found several kilometers 
upriver from the mouth. This is regularly observed and is caused by reverse estuarine 
circulation that often occurs during regionally wet years when fresher Chesapeake Bay 
water is advected in to the mouth of the YRE (Hayward et al., 1982).
2.2. Radium in YRE surface water
Surface water dissolved radium was measured seasonally in the YRE at 9 sites 
in winter and 10 sites in summer (Figure 1). Additionally, surface water Ra was sampled
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monthly at the GP site. Sites were distributed along the YRE from the head at West Point 
(WP) to the estuary mouth, and included a mixture of nearshore and open water sites. 
Samples were collected at three sites at the mouth of the York River to characterize water 
that exchanges with Chesapeake Bay (GI, CM, GM). The YRE receives the majority of 
its fresh water input from the Mattaponi (USGS, 2013: 02080105) and Pamunkey Rivers 
(USGS, 2013: 01673000), located about 52km upstream from the mouth of the York 
River estuary. Surface water samples were collected in the tidal fresh regions of the 
Mattaponi and Pamunkey tributaries (MA, PM) as well as at their confluence at West 
Point (WP). The lower reaches of these tributaries are brackish during most of the year, 
with salinities below 5 in winter months and upwards of 11 during summer. The 
transition from brackish to freshwater typically occurs upstream of West Point, between 
60 and 90km upstream of the mouth of the YRE (Lin and Kuo, 2001; Shen and Haas, 
2004). Seasonal input from these tributaries varies but long-term mean stream flows are
A T A T1.41x10 m /d and 2.65x10 m /d for the Mattaponi and Pamunkey, respectively (Reay, 
2009). Stream flow for the Mattaponi and Pamunkey is gauged upstream at the fall line 
more than 40km upstream of their confluence at the head of the YRE. Combined stream
A T  S Tflows from the Mattaponi and Pamunkey were 6.70x10 m /d and 6.79x10 m /d during 
the winter and summer of 2012, respectively.
Dissolved radium was extracted from large-volume (20-40 L) water samples by 
passing through manganese fiber columns at a maximum flow rate of one liter per minute 
(Moore and Reid 1973; Moore and Scott, 1986; Moore, 2008). Fibers were then rinsed 
with deionized water (-500 mL) to remove salt, and manually squeezed to remove excess 
water and maintain an ideal water to fiber ratio (Sun and Torgerson, 1998; Kim et al.,
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2001; Moore, 2008). Radium activity was measured by radon emanation using a radium 
delayed coincidence counter (RaDeCC) (Scientific Computer Instruments) (Moore and
224Arnold, 1996). Measurements were made immediately after sample collection for Ra
9 99and Ra isotopes (Moore, 2008). A subset of manganese fiber samples selected for
226 222Ra determination were capped and sealed for 3+ days to allow ingrowth of Rn, and
analyzed using the RaDeCC total counts category (Waska et al., 2008; Peterson et al.,
2009).
The extraction efficiency of the manganese fibers was calculated by repeated 
measurements of field samples with two columns in series and measuring the activity on 
both columns. The extraction efficiency of dissolved radium on to the manganese fibers 
was 94+5% (n=10). The efficiency of the RaDeCC instrument was measured with an 
IAEA standard (n=20 counts) as described by Scholten and colleagues (2010), and 
background activity (223Ra= 0.00125±0.0056; 224Ra= 0.0396±0.0706; 226Ra=0.602±0.390 
cpm, n=10) was determined for each system by averaging long counts (20+ hours) of 
each empty circulating cell (Garcia-Solsona et al., 2008b). Uncertainty in replicate Ra 
samples was 14.8% for 223Ra (n=7); 13.8% for 224Ra (n=7), and 10.1% for 226Ra (n=3),
9 9 9  9 9 4which included an approximate counting error of 10% for Ra and 5% for both Ra 
and 226Ra.
2.4. Ra input from salt marshes
Salt marshes are known to be a source of radium to the coastal ocean as tidal 
waters flood the marsh with higher salinity waters (Bollinger and Moore, 1984; Bollinger 
and Moore, 1993). The flux of radium across a fixed point at the outlet of Taskinas Creek
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was measured over twelve hours on 3 August 2012. Taskinas Creek is a brackish tidal
marsh creek system flowing into the YRE that is continuously monitored for physical and
chemical parameters (Moore and Reay, 2009; VECOS, 2013). Surface water radium
samples were collected continuously over 75 minute periods resulting in integrated
samples, and processed as described above. Water quality parameters were measured
every 30 minutes using a handheld YSI, and water flow rate estimated using a neutrally
buoyant drifter. An onsite stationary YSI run by CBNERRVA (VECOS, 2013) provided
tidal height data at 15-minute intervals approximately 5 m upstream from the sampling
site. Water fluxes were estimated by flow speed at the surface (multiplied by a correction
coefficient of 0.9 to account for the muddy bottom drag) (EPA, 2013
http://water.epa.gov/type/rsl/monitoring/vms51.cfm) and cross-sectional area, which 
2 2ranged from 12 m to 27 m over the tidal cycle. Because sampling occurred over a span 
just shy of a full tidal cycle, the radium activities and fluxes for the final time point were 
estimated as the average of the first measurement of radium on the previous rising tide 
and the last measurement. Salinity in the surface water was ~5 units lower at low tide 
than high tide, indicating input from fresh runoff or groundwater in the Taskinas. An 
enrichment approach was used to determine the quantity of radium supplied over the tidal 
cycle, and therefore represents an upper limit because fresh discharge is included in the 
estimate.
2.5. Ra diffusion from sediments
Radium input by diffusion from sediments was measured over timed intervals by 
incubating sediment cores and measuring the radium content in overlying water (Bird et
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al., 1999; Beck et al., 2007). Diffusion of radium from sediments was measured in both 
fine- and coarse-grain sediments. Coarse sediment cores (n=6, 0.0346 m2) were collected 
from the intertidal zone at the GP site. Fine sediment cores (n=2, 0.055 m2) were 
collected by box core from the CB site at a water depth of ~18 m. Radium-free YRE 
water (salinity ~18, pre-extracted over two manganese fiber columns placed in line) was 
carefully added to the individual cores so as to not disturb the sediment, and overlying 
water was gently bubbled with air to stir and oxygenate the water. The sediment-water 
interface of the CB site cores was disturbed during transfer from the box core to sample 
box, and sediments were smoothed and allowed to sit for 72 hours to equilibrate with the 
Ra-free water. Overlying water was drained from cores at varying times (1-600 hours) for 
Ra measurement as discussed in Sec. 2.2, and replaced with Ra-free water. Radium flux 
from the sediment to the overlying water (J d iff) was calculated using Equation 1 (adapted 
from Beck et al., 2007),
At  At
It = [ (J d iffA su r f)  / ^] (1 -  e" ) + A0e" ( 1 )
where I* is the inventory of radium in the overlying water (dpm) at time, t (d), Jdiff is the
diffusive flux of radium to the overlying water (dpm/m2/d), Asurf is the sediment surface 
area of the core, X is the decay constant of each isotope (^223 = 0.0608 d '1; ^224 = 0.189 d' 
!), and A0 is the initial radium activity of the surface water likely resulting from initial 
desorption upon Ra-free water addition (Beck et al., 2007). Parameters and uncertainties 
for Jdiff and Aq were calculated by least-squares fitting of Equation 1 using SigmaPlot.
2.6. Desorption from suspended sediments
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Radium is produced from Th adsorbed on particles, and may be released by 
desorption or recoil to the dissolved phase when sediments are resuspended. This input 
was determined using shallow sediments (<2 cm depth) from four sites, including both 
the nearshore (GP, FL, CP) and offshore sediments (CB). Sediments were characterized 
visually as either mostly fine or mostly coarse, and then known masses of each sediment 
type were added to 20 L of radium-free YRE water (salinity ~18). These mixtures were 
then shaken for 5 minutes and dissolved radium extracted and analyzed as described in 
Sec. 2.2. A portion of each sediment type was dried overnight in a warm oven (90 °C) to 
measure dry weight.
2.7. Radium in near shore pore water
Pore water (groundwater) samples were collected using a drive point piezometer 
(Charette and Allen, 2006). Sample sites (Figure 1) were selected to include a range of 
salinities, and samples were collected from both the North and South banks to account for 
differences in sediment types on each bank (Nichols et al., 1991). Pore water samples 
were collected from five sites during winter and six sites during summer. Additionally, 
pore water was sampled monthly at the GP site from January 2012 through March 2013. 
At each site, a groundwater profile in the intertidal region was attempted at 50cm 
intervals from 0-200 cm. The full 200 cm profile was not collected at all sites when 
impermeable clay layers were encountered. At sites where sediments were impermeable 
at depths >50 cm (CP, BB), samples were collected at shallower depths. Pore water 
samples were collected for water quality parameters and radium analysis (4L). Radium
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samples were oxygenated to prevent reduction of Mn fibers then extracted and analyzed 
as described previously.
3. Results
3.1 Pore water salinity
Salinity in the York River subterranean estuary was not constant with depth over 
the study period implying that the position of the mixing interface varied (Table 3). 
Surface water and shallow pore water salinity varied seasonally at the GP site, reflecting 
seasonal patterns in the water year (Figure 2). At shallow depths (<1 m), salinity and 
dissolved Ra were significantly higher during summer compared with winter (Student’s t- 
test, p<0.05). Deep groundwater (>150 cm) salinity remained relatively constant over the 
course of the year. Across sites, the same distribution of salinity was present with respect 
to both season as well as depth. Pore waters collected below a depth of one meter were 
significantly fresher than samples collected above one meter (Student’s t-test, p<0.01). 
Similarly, pore water collected during winter was significantly fresher across all depths 
than samples collected during the summer (Student’s t-test, p<0.01).
3.2. Surface water dissolved Ra
Samples collected in the tidal fresh region of the Mattaponi and Pamunkey 
Rivers had low radium activity (average ± standard deviation: 223Ra = 0.3±0.0 dpm/lOOL; 
224Ra = 4.8±2.1 dpm/lOOL; 226Ra =11.3 dpm/lOOL) (Table 1). Although the Mattaponi 
and Pamunkey Rivers were not sampled during the winter of 2012, Ra activities were
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assumed to be similarly low because these tributaries are even fresher during winter 
months.
Mean surface water Ra activity for the YRE was calculated as the site-weighted 
average of all samples collected downstream of WP and upstream of the mouth of the 
YRE (winter, n=7 sites; summer, n=8 sites). Mean surface water Ra activities for the 
YRE were generally higher in summer (223Ra = 5.1±1.3 , 224Ra = 51±14 , 226Ra = 31±11 
dpm/100 L) compared with winter (223Ra = 3.3±3.2 , 224Ra = 26±8.5 , 226Ra = 11±6.4 
dpm/100 L). Ra and Ra were significantly higher in surface water during summer 
than winter (Student’s t-test, p<0.001 and p<0.01, respectively). The lowest surface water 
radium activities (223Ra = 0.1, 224Ra =2.1 dpm/100L) were collected during a 
precipitation event at the GP site that was preceded by several days of heavy rain. All 
other surface water collections were made during fair weather. The highest surface water 
223Ra activity (12.5 dpm/lOOL) was observed at the BB sample site, coincident with high 
pore water Ra thought to be associated with low pore water pH. When the two outliers 
from the BB site are removed because surface water from BB was not samples during the 
summer, Ra activity in surface water was also significantly lower (Student’s t-test, 
p<0.001) during winter than summer.
Surface water was collected from three sites at the mouth of the YRE (GI, CM, 
and GM). During the winter of 2012 these samples had very low dissolved Ra activities 
(223Ra = 0.2±0.18 , 224Ra = 1.7±1.5; 226Ra = 3.97±0.59 dpm/lOOL). Samples were 
collected over multiple dates, at multiple sites spanning the shoals and the channel, and 
on both incoming and outgoing tides, during which the surface water radium activity 
remained consistently low. The low radium activities found at the mouth of the YRE
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were significantly lower than bulk YRE Ra (Student’s t-test, 223Ra, p<0.01; 224Ra,
226p<0.01; Ra, p=0.05), suggesting samples collected at the mouth represented different 
waters than the York River estuary, likely representing Chesapeake Bay water. In the
9 99summer, the mouth of the YRE was sampled only during outgoing tides, and Ra and
9 9  ftRa activity in surface waters collected at the mouth and in bulk YRE waters were not
994
significantly different (Student’s t-test, p=0.46, p=0.10, respectively). Ra in surface 
water was lower at the mouth than bulk YRE water (Students t-test, p<0.001), suggesting 
again that these surface water samples collected at the mouth during summer months are 
representative of the Chesapeake Bay. Differences in isotope half-life are likely why
• 224 •differences between the York and its mouth are observed between with the Ra isotope 
but not 223Ra and 226Ra. 223Ra and 226Ra are longer-lived than 224Ra, so discharge in to the
224Chesapeake Bay carries proportionally more of the longer-lived isotopes than Ra.
9 9 9  9 9 4  9 9 £Non-conservative addition of Ra, Ra, and Ra was observed during both 
summer and winter across the YRE (Figure 3). The ratio of Ra entering the YRE at WP
99  /r 99 r
relative to YRE surface water was highest for Ra. Although the majority of Ra is 
particle bound rather than dissolved in fresh waters, the long residence time of aquifers
99 c
allows more time for ingrowth of the long-lived Ra. A substantial portion of fresh 
water river flow is derived from terrestrial groundwater drainage, carrying 226Ra-enriched
99
water. The activity of Ra should be (and was) highest during dry periods (e.g., 
summer) when the largest fraction of tributary input is derived from terrestrial aquifers.
High 226Ra measured at WP is likely influenced by the RockTenn pulp and 
paper processing plant located in West Point, where 6xl04 m3 of deep groundwater is 
withdrawn for processing daily from the multiple aquifers, including the Potomac (44
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dpm/lOOL; USGS, 2010) (VaDEQ, 2012). No measurements of short-lived Ra isotopes 
have been made in the Potomac aquifer but their activity is likely low due to the low 
salinity of the Potomac aquifer and their rapid removal via decay. After use, this 
Potomac-derived processing water is discharged to Pamunkey River surface waters,
• 99Alikely still enriched in Ra (USGS, 2010). The processing water therefore provides
negligible quantities of the short-lived Ra isotope but provides approximately 2.6x107
226 226 dpm/d of Ra. However, this Ra from processing water makes up only about 5% of
the tributary input (measured at WP) and is likely included in the WP surface water
99 f\samples. Therefore, this input is not counted separately for Ra.
3.3. Taskinas Creek time-series
224Surface water Ra activities were lowest in the tidal marsh creek during the 
flood tide and remained low just past high tide, representing Ra-poor YRE surface water 
entering Taskinas Creek (Table 2). The lowest 224Ra activities (55-62 dpm/100 L) were 
coincident with the highest salinities (salinity 16-17) and water fluxes into Taskinas 
Creek. The highest 224Ra activities (80 dpm/100 L) were observed midway between high 
and low tide, indicating Ra input from tidal flushing of the marsh. In subsequent samples 
collected during the ebb tide, 224Ra activity in Taskinas Creek remained elevated over 
flood tide activities (>70 vs. <60 dpm/100 L) (Student’s t-test, p<0.001). 223Ra was
9 9 4correlated with Ra, and although the same clear trend with salinity and tidal height was 
not observed (Student’s t-test, p=0.29), its enrichment through channelized flow through 
marsh sediments was likely driven by the same controls. However, enrichment of 223Ra 
but may occur on a smaller scale due to slower rate of regeneration (a function of half-
29
* 223 224 223life). Although the behavior of Ra was not as clear as Ra, marsh inputs of Ra were 
treated using the same calculations. Radium tidal marsh ( F marsh) inputs to the Taskinas 
Creek were calculated as the product of the net water flux and the difference in radium 
activity between flood tide and ebb tide ( C enrich), and normalized to the known tidal marsh 
area of Taskinas Creek (Moore, 1980) (Equation 2).
Fmarsh -  F jn * C enrjch * A jaskinas (  2  )
3.4. Diffusive input of Ra from sediments
The flux of Ra from diffusion over time was estimated in waters overlying
223 224undisturbed sediment cores. From coarse sediment, the diffusive flux of Ra and Ra
2 1 223 224from coarse sediment was 0.9 and 23 dpm m' d" , respectively. The Ra and Ra flux 
from fine sediment was 0.7 and 26 dpm m'2 d"1, respectively (Figure 4). The diffusive 
flux rates are similar in both fine and coarse-grain sediments and are applied to their 
respective percent coverage of YRE bottom sediments (Nichols et al., 1991).
3.5. Ra input from suspended sediments
Ra was desorbed by suspending fine-grain sediments in brackish YRE waters 
and was strongly correlated with the mass of sediment added (R > 0.8). The Ra release
223 224rate from fine-grain sediments was 0.18±0.03 and 1.6±0.3 dpm/g for Ra and Ra, 
respectively. Desorbed Ra activity from coarse-grain sediments was not correlated with 
the sediment mass added (R <0.05). Coarse-grain sediments have lower surface area 
than fine-grain sediment so the desorption rate for these may have been too small to 
detect.
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3.6. Pore water (groundwater) dissolved Ra
Pore water samples from the YRE (n=150) were collected and analyzed for the
0 0  f\short-lived Ra isotopes and a subset of these were analyzed for Ra (Table 3). During 
summer, pore water Ra (223Ra = 24.3±24.7, 224Ra = 396±3 20, 226Ra = 129±105 
dpm/100L) was significantly higher (Student’s t-test, p<0.05) than pore water Ra during 
winter (223Ra = 9.7±8.7, 224Ra = 133±94, 226Ra = 72±31 dpm/lOOL). The lowest pore 
water Ra activity (223Ra = 1.9, 224Ra = 0.7 dpm/lOOL) corresponded with low salinity 
(0.17). Pore water Ra activity correlated with salinity for all isotopes. Ra was most
2 223 • • 2strongly correlated (R = 0.34) while Ra had the weakest correlation with salinity (R = 
0.23) and 224Ra fell between the two (R2=0.32). Individual 223Ra and 224Ra activities that 
clearly deviated from the bulk sample pool had a pH more than two standard deviations 
below the mean pore water pH (5.4 and 4.4 vs. 6.88±0.54). Pore water pH is known to
affect radium availability, increasing desorption with decreasing pH (Szabo et al., 2012).
0 00Pore water samples collected where the pH was above 7 had significantly lower Ra and
224Ra activity (p<0.01). However, these pH values fell within two standard deviations 
from the mean and were therefore included in the regression calculations.
4. Discussion
The YRE Ra budget was determined using a simple box model approach 
adapted from Beck et al. (2007). The YRE was defined from West Point (WP) to the 
mouth of the York upriver of Guinea Marsh (GM) and Goodwin Island (GI) (Figure 1). 
The mass balance of Ra in the YRE is given by Equation 3,
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J in le t-  ^ Jdecay-  Jtrib Jd iff Jmarsh Jdesorb JsG D  (  J  )
where sinks of Ra are on the left-hand side of the equation and sources are on the right- 
hand side. J inlet is the net exchange of Ra with the Chesapeake Bay, Jdecay is the loss of Ra 
via radioactivity decay, J trib is the flux of Ra to the YRE from the Mattaponi and 
Pamunkey tributaries, J d iff is the diffusive flux of Ra from sediments, J marsh is the Ra flux 
from tidal flushing of salt marshes, Jdesorb is the flux of Ra from suspended and 
resuspended sediments, Jsgd is the advective flux of Ra from sediments (SGD), and all 
fluxes are in activity per unit time. Jsgd was calculated by difference after accounting for 
all other known sources and sinks, as described in the following sections (4.2-4.6), using 
literature constants in T a b le  4. Ra input via SGD (Jsgd) was calculated as a minimum 
value by maximizing all other Ra input source terms. Because the half-life of Ra is 
very long (1600 y), the diffusive flux, marsh flux, and desorption from resuspended 
sediment which occur over short time periods were assumed to be negligible and were 
not included in the mass balance for this isotope (Beck et al., 2007; Porcelli et al., 2008).
4.1. Exchange with Chesapeake Bay
Ra exchange between the YRE and the Chesapeake Bay is a function of surface 
water Ra activity and the return flow factor. Net loss of Ra from the YRE to the 
Chesapeake Bay ( J out, dpm/d) is calculated using an exponential loss model which 
considers all exchange terms at the inlet as part of a hydrodynamic model residence time 
estimate (e.g. tidal prism, estuarine circulation, advective mixing) (Monson et al., 2002). 
Exponential loss of Ra as a function the residence time (RT) is calculated using E q u ation  
4, where
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C i = C 0 e-1/RT ( 4 )
Jinlet-  ^ y r e  * C0 * l - (C i/C 0) ( 5 )
where C 0 is the Ra enrichment in YRE water relative to that in the Chesapeake Bay, C i  is 
the concentration of Ra in surface water remaining in the same quantity of water after one 
day assuming no inputs, and RT is the residence time of the YRE within the model 
boundaries (Monson et al., 2002; Shen and Haas, 2004). The percent loss per day (1- 
( C i / C o )  is scaled to a loss per volume of YRE using the YRE volume ( V river) and 
calculated using Equation 5 (Monson et al., 2002).
USGS gaging station data was used to compare water flow rates during sampling 
to modeled residence times to accurately determine the appropriate residence time (RT) 
for each sampling period (Shen and Haas, 2004). Average residence time for the model 
domain was calculated as the volume-weighted mean of the residence time in each of 
nine sub-units in the model of Shen and Haas (2004). During the summer study period, 
USGS gaging station water flow rates most closely matched the “low flow” rate (RT=
150 days), while they most closely matched the “mean flow” rate during winter (RT=41 
days) (USGS, 2013; Shen and Haas, 2004). Because surface water Ra activity was higher 
in the YRE than in the Chesapeake Bay, the exchange of all three Ra isotopes with the 
Bay represented a net loss from the estuary during both summer and winter. A large Ra 
sink was observed during all seasons by exchange with the Chesapeake Bay ( Ra: 
7.0±8.0xl0s dpm/d, winter; 2.9±3.4xl08 dpm/d, summer; 224Ra 5.4±2.3xl09 dpm/d, 
winter; 2.9±6.0xl09 dpm/d, summer 226Ra: 2.2±1.4xl09 dpm/d, winter; 1.8±4.0xl08 
dpm/d, summer) (Table 5). The loss of the short-lived Ra isotopes via exchange with the 
Chesapeake Bay contributed 3-28% of the overall Ra sinks. Because 226Ra is long-lived
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relative to the residence time of the YRE, exchange with the Chesapeake Bay was the 
only significant loss of Ra in the system. Errors associated with each of these inlet 
exchange fluxes large relative to the calculated values, which are driven by the error on 
the C0 term, the initial Ra concentration in YRE surface water. The C0 term, which was 
calculated as a difference between mean YRE surface water dissolved Ra and mean Bay 
water dissolved Ra. Because the associated errors with each of these terms overlaps for 
most isotopes and seasons, the propagated error of the difference was driven up 
significantly.
Previous studies have calculated separate estimates for the input and removal 
terms (Jout and Jjn) via inlet exchange; for comparison, we calculate a J|niet as the net 
difference between these. These studies (Beck et al., 2007; Beck et al., 2008; Garcia- 
Solsona et al., 2008a) calculate the net inlet exchange of Ra from a coastal estuary to an 
external body of water using the tidal prism. This method of using solely the tidal prism 
as an exchange vector assumes that any water that enters the estuary over the course of a 
tidal cycle is fully mixed with the water column, obtains the Ra signature of the estuary, 
and leaves with this Ra signature. The tidal prism method further assumes that this body 
of water is advected away from the mouth of the estuary once it reaches the coastal 
ocean, and new, Ra-deplete water enters. This method neglects processes that return 
outflow to the estuary, and may be inappropriate for most coastal systems unless the 
residence time is the same as the ratio of estuary volume to tidal prism and the tidal 
volume is equally mixed across the length and width of the estuary. Using the tidal prism 
method to calculate exchange could be improved by constraining the return flow factor 
(Moore et al., 2006). The exponential loss model employed here may be more appropriate
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for most systems because it accounts for the amount of time it takes for the YRE to 
physically flush over the full length of the estuary. In the current study system, this 
method also allowed consideration of seasonal variability in residence time.
4.2. Radioactive Decay of Radium
Ra loss via radioactive decay (Jdecay) was calculated as the product of the mean Ra 
concentration in surface water ( C y r e ) ,  York River estuary volume ( V y r e ) ,  and the decay 
constant for each individual isotope (^r3) (Equation 6) (Beck et al., 2007).
Jdecay =  V y r e  * C y r e  * ^ R a ( 6 )
During the winter, 4.2±1.8xl010 dpm/d of 224Ra were lost through radioactive 
decay; during the summer months, overall higher surface water Ra activity led to 
proportionally higher loss by decay (8.2±1.9xl010 dpm/d). The longer-lived 223Ra isotope 
followed the same seasonal trends, with 1.8±1.8xl09 dpm/d lost by decay during winter 
and 2.6±0.9xl09dpm/d in summer (Table 5). Radioactive decay represented the greatest 
loss term by an order of magnitude for both 223Ra and 224Ra (72-97%).
The amount of dissolved Ra present in surface water at any given point is affected 
by residence time, which therefore also drives the importance of the decay term in a mass 
balance of Ra. For example, if a system is supplied with some amount of Ra daily but all 
of the water is flushed out over the same period of time, the importance of decay 
decreases as the half-life of the isotope increases. Residence time, therefore, must be 
considered when making comparisons of decay rates among systems. The importance of 
inlet exchange calculated using tidal prism exchange may be significantly overestimating 
inlet exchange and consequentially underestimating the importance of decay. In Venice
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Lagoon, residence time was shorter than the half-lives of Ra and Ra, and exchange 
at the inlet was not surprisingly the most importance loss for these isotopes because the 
residence time was shorter than the Ra half-lives (Garcia-Solsona et al., 2008a). In most 
large systems this is not the case. Previous estimates of Ra loss in estuaries have typically 
been made in systems with smaller ratios of volume to tidal prism (e.g. Jamaica Bay, 2.8 
[Beck et al., 2007]; Great South Bay, 4.8 [Beck et al., 2008]) where rapid flushing is 
assumed and a greater focus placed on estimates of exchange at the inlet, J out and Jjn 
(Garcia-Orellana et al., 2010). These studies argue that >50% of the Ra loss was due to 
exchange at the inlet (>30% net flux at the inlet). It is clear that when a higher 
concentration of Ra is present in surface water coincident with long residence times, the 
importance of decay in short-lived Ra isotope budgets increases.
4.3. Input from tributaries
6 3Combined tributary input from the Mattaponi and Pamunkey was 6.70x10 m /d 
during the winter and 6.79xl05 m3/d during summer of 2012 (USGS, 2013). The winter 
discharge from both rivers was higher than the long-term annual mean river flow, while 
summer river flows were slightly below the long-term annual mean flow for each river 
(USGS, 2013; Reay, 2009). Combined, 2012 represents a typical seasonal water flow 
trend where maximum river flow occurs during the winter and minimal flows occur 
during summer (USGS, 2013). The contribution of Ra via tributaries ( J trib) was calculated 
as the product of tributary volume flux (V tr ib ) , a factor of 1.35 to account for ungaged 
flow (Seitz, 1971), and the mean radium activity in water collected at the confluence of
the Mattaponi and Pamunkey at WP ( C tnb)- The amount of ungaged flow, 1.35 times 
higher than the gaged flow rates, was selected to maximize possible tributary inputs.
J t r i b = C trib* Vtrib * 1 . 3 5  ( 7 )
Tributaries contributed less than 4% of short-lived radium isotope input to the 
YRE during both the winter and summer of 2012 (Table 5). Although higher activities 
were observed during the summer at WP, tributaries were relatively unimportant in the 
mass balance because water flow rates were lower during the summer. Despite the fact 
that the head of the YRE Ra box model was designated at a brackish water interface (up 
to salinity 13 during summer 2012), this input from the Mattaponi and Pamunkey 
tributaries was still relatively unimportant; suggesting that if only fresh tributary inputs 
were considered calculated fresh water fluxes would be even lower. However, input of 
226Ra from tributaries was comparable to the input from SGD during winter (22%) and 
contributed 35% of radium input during the summer. Tributaries are likely a significant 
source of 226Ra because fresh aquifers with long residence times are sources of 
substantial quantities of dissolved Ra in base flow, which is higher during summer than 
winter as was observed.
4.4. Input from tidal marshes
Peak Ra activity in the tidal marsh creek (223Ra = 7 ,  224Ra = 80 dpm/100L) 
occurred midway between high tide and low tide, as the tidal creek drained the 
surrounding marsh. This suggests tidal flushing of the marsh creek was a source of Ra to 
the Taskinas Creek and the YRE. The areal input of Ra from the Taskinas Creek tidal 
marsh (3.5x10 5 m2) ( F marsh) was calculated in Equation 2, and scaled to the total tidal
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marsh area in the YRE (2.2x107 m2; Moore, 1976; Doumlele, 1976; Moore, 1980; Priest 
et al., 1987) (Equation 8). This estimate of total tidal marsh area in the YRE includes 
salt, brackish, and fresh tidal marshes, maximizing this estimate.
Jm arsh~ A marsh * Fmarsh (  8  )
The input of Ra from marsh creeks during the summer was 4±2xl07 dpm/d and
o 9 9 9  9 9 48±3xl0 dpm/d for Ra and Ra, respectively. The maximum Ra activity in the 
Taskinas was observed during ebb tide when salinity was slightly lower than the 
minimum Ra activity during flood tide (16.1 vs. 14.6, respectively). Therefore, the 
estimate of Ra input from marsh creeks potentially includes some amount of Ra from 
fresh creek water, and represents a maximum estimate of input from marshes. This 
estimate made during summer was also used for the marsh creek radium source during 
winter. Marsh creeks comprised a maximum of 2% of the radium input to the YRE 
during winter and summer.
Per square meter, the input of Ra from marsh creeks to the YRE was 1.6±0.8
9 9 9  9 9 4dpm/d for Ra and 37±12 dpm/d Ra. Marshes represent a larger component of the 
budget for 223Ra (16-17%) than 224Ra (3-5%) in the YRE. This may be due to the large
9 9 9variability in Ra measurements at low activities- there is not a clear trend between high
9 9 4and low tide as observed for Ra. Fluxes of Ra from the YRE marshes are lower than
2 223 224those measured in Jamaica Bay (11.2 and 176 dpm/m /d for Ra and Ra,
respectively). This may be due to higher salinities in Jamaica Bay marshes relative to 
York River estuary tidal marshes, which may desorb higher quantities of Ra. Marshes 
comprised less than 5% of the total Ra source for both short-lived isotopes in Jamaica
Bay, NY, which has little fresh water input, and was not considered a source in Great 
South Bay, NY (Beck et al., 2007; Beck et al., 2008).
4.5. Diffusive Flux
The diffusive flux of Ra from sediment cores was calculated as the flux per 
sediment surface area (Equation 1). The diffusive flux of Ra from fine sediments (Fdiff) 
to the YRE was 1.5±0.4xl08 dpm/d and 4.7±1.2xl09 dpm/d for 223Ra and 224Ra, 
respectively, by using the total area of fine sediment in the YRE and solving for Jdiff 
(Equation 9). Some scatter was observed among the data, which can be attributed to 
errors in sample collection such resuspension of sediments while adding and removing
999 994overlying waters. Diffusive flux rates measured in the YRE ( Ra, 0.7-0.9; Ra, 23-26
2 223 224dpm/m /d) were similar to those measured elsewhere ( Ra 1.68-3; Ra 30-52.8 
dpm/m2/d) (Bird et al., 1999; Beck et al., 2007; Beck et al., 2008). The relative 
importance of diffusion to the Ra budget in the YRE (5-10%) is comparable to its 
importance in other systems (<1-8%; Beck et al., 2007; Beck et al., 2008).
F d if f=  Jdiff * A sed ( 9 )
4.6. Ra input from resuspended sediments
Suspended sediment concentration is highly variable within the YRE, and 
maximum suspended sediment concentration near the sediment-water interface can reach 
1 g/L during peak flow (Friedrichs et al., 2000). During repeated surveys in 1996-1998 
bottom water TSS ranged from <25 mg/L at the lower and upper reaches of the YRE, to 
>300 mg/L at the primary and secondary estuary turbidity maxima (ETM; Lin and Kuo,
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2001). During the same time span, surface water TSS ranged from <25 mg/L to >75 
mg/L at the ETM (Lin and Kuo, 2001). Long-term means of TSS by salinity zone (e.g. 
oligohaline, mesohaline) of the YRE (Ches. Bay Program, as reported in Reay, 2009) 
were averaged to determine a mean TSS concentration of 44 mg/L. This concentration is 
similar to the range reported previously (Lin and Kuo, 2001; Friedrichs et al., 2000; 
Friedrichs et al., 2009). To maximize desorbable input from resuspended sediment, a TSS 
value overestimation was selected to be lOOmg/L.
The input of radium by desorption from resuspended sediments was estimated 
using Equation 10,
Jdesorb =  S sed * V y R E  * C  sed (  1 0  )
where S sed is the concentration of suspended sediments, V y r e  is the volume of the YRE,
and C sed is the activity of radium available for release from a given mass of suspended
sediment. The experiment employed in the current work to evaluate Ra release from 
sediments used shallow fine sediments where Ra was likely at equilibrium with parent Th 
(i.e., A r 3 = A j h ) .  Therefore, the experimental results reflect the maximum potential 
particulate Ra, which is an unrealistic source because this quantity is not regenerated 
daily. A  more accurate estimate of Ra input from suspended sediments is that produced 
daily from Th decay, which is given by Equation 11.
C sed  =  L Ra *  A i h  * (1-e \ h )  ( 11)
Results from the desorption experiment indicate release of 0.18±0.03 and
0 0 0  0 0  A1.6±0.29 dpm/g fine-grain sediment for Ra and Ra, respectively. No measureable 
release of Ra correlated with sediment added was observed from coarse-grained sediment 
(Figure 5). Because of these low desorption rates from coarse-grained sediments and the
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fact that >80% of suspended sediment is fine (Lin and Kuo, 2001), desorption of Ra from 
suspended sediments was calculated using only the desorption rate from fine-grained 
sediments.
Previous estimates of Ra desorption from suspended sediments evaluated effects 
of exposing fresh water sediments to saline waters (Moore, 1981; Webster, 1995). In the 
current model, Ra desorption from riverine sediments at the head of the estuary are 
included in the tributary Ra flux because water at the upstream boundary of the model 
(WP) is saline (>2.3). Resuspended sediments in the YRE produced 5.6±3.6xl06and
8 2.2.3 2244.5±2.8xl0 dpm/d Ra and Ra, respectively. Suspended particulate matter accounted 
for less than 1% of the Ra input to the YRE, consistent with estimates from other systems 
(Beck et al., 2008, Garcia-Solsona et al., 2008a; Garcia-Orellana et al., 2010). In systems 
with high suspended sediment concentration, e.g. where small mountainous rivers carry 
heavy sediment loads (Milliman and Syvitski, 1992), desorption may be much more 
important.
4.7 Submarine groundwater discharge
By accounting for all known sources and sinks of Ra using Equation 3, the Ra 
budget in the YRE is not balanced. The sinks of Ra in the YRE are much lower than the 
measured sources. This source of unaccounted Ra during winter provides 2.2±2.0xl09 
(223Ra), 4.0±1.9xl010 (224Ra), and 1.8±1.4xl09 dpm/d (226Ra) and during summer 
provided 2.7±1.0xl09 (223Ra), 7.9±1.9xl010 (224Ra), 5.5±4.1xl08 dpm/d. Presumably, the 
source of this Ra is submarine groundwater discharge (Rama and Moore, 1996; Hussain 
et al., 1999; Krest et al., 2000; Kelly and Moran, 2002; Moore, 2003; Beck et al., 2007;
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Beck et al., 2008). Saline submarine groundwater discharge desorbs Ra from sediment, 
enriching pore water with Ra that can then be advected in to surface waters. For all 
isotopes and during both seasons SGD was the most important source of Ra to the YRE, 
contributing 65-93% of total inputs.
The volume flux of submarine groundwater discharge ( F s g d )  can be calculated 
by dividing the excess Ra flux ( J s g d )  by pore water Ra activity ( C g w )  (Equation 12) 
F s g d  =  J s g d  * C g w  1 ( 1 2 )
While the flux imbalance of Ra ( J s g d )  was determined through a mass by 
difference approach, the pore water Ra activity was estimated using direct measurements 
of pore water Ra across the YRE. An accurate Ra end member concentration is critical 
for calculating SGD volume flux. Pore water Ra measured at <lm  to 8m and from nearly 
fresh groundwater to surface water salinities have been used as pore water end members, 
with the presumption that the statistical mean or median adequately represents the SGD 
end member and that no significant changes occur in sediments near the sediment-water 
interface (Charette and Buesseler, 2004; Beck et al., 2007; Beck et al., 2008; Garcia- 
Solsona et al., 2008a). These estimates made at depth do not account for the changes in 
radium behavior (e.g. sorption) between what is measured tens to hundreds of centimeters 
below the sediment-water interface and what is actually discharged. “SGD” comprises a 
combination of flow mechanisms that operate on widely varying time and length scales 
(e.g., Moore, 2010; Santos et al., 2011), and geochemical tracers can only reflect the 
SGD components that transport the tracer (King et al., 2009; King, 2012).
In the YRE, each Ra isotope behaved conservatively with respect to salinity 
(Figure 6). Scatter among the data may represent variability in sediment pH or flushing
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rates between sites. The scatter could also be attributed to different sediment types 
desorbing variable quantities of Ra, but this is unlikely (Beck and Cochran, 2013). Ra 
measured in seepage meters in the YRE is lower than pore water Ra (223Ra 4-16 , 224Ra 
60-230 dpm/100L; GP site, Kellum et al., in progress), falling along a mixing curve of 
pore water Ra at high salinity with surface water at similar salinity. As Ra undergoes 
further desorption as salinities in the top few centimeters of sediment as pore water 
salinity approaches bottom water salinity, it can be assumed that this Ra desorption rate 
remains constant. However, flushing at these very shallow depths likely increases relative 
to deeper sediments, decreasing Ra activities measured at very shallow depths or through 
seepage meters (Figure 6) (Bollinger and Moore, 1984; Bollinger and Moore, 1993). For 
this reason, the non-conservative relationship between Ra and salinity that occurs in very 
shallow sediments can be bypassed using the regression of Ra and salinity to estimate 
large-scale flushing through sediments. Using the Ra activity measured in seepage water 
or at the sediment water interface addresses rapid flushing occurring on small scales at 
the sediment-water interface, which may not represent the larger SGD flow mechanisms 
(Santos et al., 2012) of geochemical concern. To adequately determine the pore water Ra 
activity representative of non-shallow flushing, the correlation between Ra and salinity 
was extrapolated to the salinity at the sediment-water interface, which can be 
approximated as bottom water salinity.
During winter, the range of pore water salinities was <1-10, while during summer 
pore water salinities ranged from <1 to 19. Ra pore water end member activity was also
224seasonally variable because Ra activity in pore water was correlated with salinity. Ra 
activity in shallow pore water was significantly lower in the winter than summer at the
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same depths (e.g. at 50cm, Student’s t-test, p=0.002 for 224Ra). The mean Ra activity in 
pore water was estimated using the observed Ra-salinity relationship in pore water and 
calculated for winter and summer using the volume weighted bottom water salinity mean 
for the entire YRE (Figure 6). The mean salinity of discharge was estimated using long­
term bottom water salinities in the YRE during for winter and summer from 1995-2008 
(Jian Shen, personal communication). Mean volume-averaged bottom water salinities 
during winter were 13.8 and 17.4 during summer. The pore water end member activities 
(Cow) were therefore calculated using the regression of Ra and salinity to be 28±7 
(223Ra), 490±90 (224Ra) and 116±32 dpm/100L (226Ra) during winter. During summer, the 
pore water end members were higher, at 35±8 (223Ra), 570±105 (224Ra), and 132±36 
dpm/100L (226Ra).
By using Equation 12, SGD estimates ranged from 6±4 to 120±61 L/m2/d (Table 
6). Other Ra sources in the budget represent maximum estimates, so the relative 
contribution of SGD to the radium mass balance of the YRE is likely higher than 
calculated. SGD fluxes vary depending on the Ra isotope used to make the estimate. The 
rate of desorption is known to be rapid (Aaron Beck, personal communication) and is 
likely very similar across isotopes, with differences only due to slight kinetic differences 
between isotopes. However, because each Ra isotope is regenerated at a different rate as a 
function of half-life, each isotope is produced at a different rate. This hypothesis is 
supported by measurements made in coastal South Carolina where the isotope-specific 
Ra supply from a coastal marsh was measured (Bollinger and Moore, 1984). Here, it was 
found that flushing of the upper 25cm of Ra was required to adequately supply the
224 •marsh while the upper 5cm supplied three times as much Ra as needed (Bollinger and
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Moore, 1984; Bollinger and Moore, 1993). This difference in isotope regeneration rate is 
likely driving the differences in SGD flux rates observed across isotopes. This suggests 
that each isotope provides a flux estimate representing a different flow mechanism or 
combination of mechanisms (Santos et al., 2012). For example, because the variability of 
226Ra across pore water salinities does not vary much relative to the variability of 224Ra, 
this suggests that the long-lived isotope-derived flux is representative of longer or larger 
term flow mechanisms, during which time the 226Ra isotope is able to sufficiently be
9 9 6regenerated. Ra may also be able to be used as a tracer of fresh groundwater input of
SGD, indicated by its enrichment in nearly fresh pore waters. However, the time scales of
226Ra regeneration and STE flushing must be better understood to accurately develop this. 
226Ra-derived flux rates (6-20 L/m2/d) are similar to flux estimates made in the 
Elizabeth River using long-lived Ra isotopes (19-23 L/m /d; Charette and Buesseler,
223 2242004) (Table 7). Estimates made using Ra and Ra account for shallower flushing (or 
flushing occurring on shorter time scales) than 226Ra and are nearly an order of magnitude 
larger than estimates made by 226Ra in both the Elizabeth River and the YRE (Charette 
and Buesseler, 2004). In a study at Cherrystone Inlet (Eastern Shore, VA) seepage meters 
were used to estimate maximum hourly submarine groundwater discharge rates (scaled to
9 9 990.4-80 L/m /d) (Reay et al., 1992). These rates may be lower than short-lived Ra and 
224Ra estimates because seepage meters cut off some amount of shallow flushing that 
occurs near the surface of the sediment by design (Burnett et al., 2006 and sources
9 99therein). In a study using Rn as a tracer of SGD, estimates of Chesapeake Bay SGD 
were 1.7x107 m3/d, which translates to less than 3 L/m2/d depending on the Chesapeake
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Bay estimate (Hussain et al., 1999). This estimate of SGD is likely low as well because
222Rn also likely does not account for very shallow flushing (King et al., 2009).
Across seasons, SGD fluxes made by the short-lived Ra isotopes were similar. 
SGD fluxes made using a hydrodynamic model detected a slight difference between 
seasons, but more importantly a strong seasonal change in SGD composition was
observed (Gonneea et al., 2013). SGD estimates made using 226Ra vary seasonally, which
2 2 may indicate (summer, 6±4 L/m /d; winter, 20± 17 L/m /d) differences in fresh water
226 226 input. Because Ra is regenerated slowly, this may suggest that supplied Ra mostly
originated in fresh groundwater that has a long residence time relative to the subterranean
226estuary. Therefore, higher Ra input during winter suggests that the portion of SGD 
derived from terrestrial groundwater was higher during winter than summer. Recent work 
has suggested that SGD composition (e.g., salinity) varies seasonally, and these findings 
support this argument (Gonneea et al., 2013). Strong seasonal changes in pore water 
salinity are observed in the YRE (Figure 2), indicating a variable pore water end-member 
and consequentially seasonally variable SGD composition. There may be a seasonal 
difference in SGD water fluxes, but the error propagated through the extensive Ra mass 
balance process reduces the ability of this method to detect small seasonal differences. A 
seasonal difference in SGD fluxes was observed in the Pettaquamscutt estuary (Kelly and 
Moran, 2002); however, the results of this study suggest that their conclusion is an 
artifact of sampling design. In the Pettaquamscutt estuary (Kelly and Moran, 2002), 
surface water samples were collected monthly but pore water samples were only sampled 
in August. Surface water salinity in the Pettaquamscutt estuary (volume-weighted 
average) during winter was lower than during summer (10-20 vs. 15-25, respectively)
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(Kelly and Moran, 2002). It is therefore highly likely that the pore water end member 
salinity and consequentially Ra activity are also lower during winter than summer in the 
Pettaquamscutt Estuary. The seasonal cycle observed in their study suggested the lowest 
SGD flux during winter. By not sampling the pore water end member during each season, 
this study overestimates the pore water end member Ra during winter, causing SGD 
during winter (and likely during spring and fall) to be underestimated (Kelly and Moran,
2002). It is clear that measuring both the surface water and pore water end member at the 
same time is needed for accurate SGD estimates.
4.8 Hydraulic head as a function of water table height and sea level
The pressure of land-derived drainage (hydraulic head) can alter pore water Ra 
availability due to changes in salinity. Between January 2012 and March 2013, gaging of 
the Pamunkey and Mattaponi Rivers showed a typical seasonal water cycle (Figure 7) 
with low discharge during the summer and high discharge during the winter. Compared 
to previous years, the monthly discharge rates to the Mattaponi and Pamunkey were 
slightly lower than the long-term average. Shallow groundwater height was measured in a 
nearby well monitored by the USGS located in Suffolk, Virginia (USGS, 2013: VA 58B- 
13) (Figure 7). Seasonal trends of recharge to the shallow unconfined aquifer at this site 
also followed a somewhat seasonal cycle of higher groundwater levels of recharge from 
January through March 2012, followed by depletion during summer and recharge from 
November 2012 to March 2013. River discharge of the Mattaponi and Pamunkey 
tributaries and water table height in Suffolk, VA suggest that water table height near the 
YRE would have been highest during the late winter and lowest during the summer.
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YRE surface height corrected for astronomical tides was measured at the 
Yorktown USCG Training Center (NOAA, 2013) and varied by 0.29m during the study 
period (January 2012 -  March 2013). Sea surface height was lowest in January of 2012 
(0.33m above MLLW), remained high from June to November (>0.5m above MLLW), 
and returned to low levels in January 2013 (Figure 7). Increasing sea level increases 
saline intrusion to the coastal aquifer (Gonneea et al., 2013), resulting in a seawater- 
dominated subterranean estuary. Under these conditions, Ra activity increases in pore 
water as salinity increases and which is then discharged to surface waters causing high Ra 
activities in surface waters as well when sea level is high. Ra in surface water was 
significantly higher during summer than winter (p<0.05 for all isotopes). This 
observation supports the hypothesis that sea higher pore water salinity drove higher Ra in 
fluxes, but does not exclude the possibility that higher SGD rates occurred during 
summer. However, because a difference in SGD rates was not detected via the Ra mass 
balance but a difference in end members was, it is more likely that more Ra is released 
due to high pore water end member salinity when sea level is high rather than a large 
seasonal SGD water flux.
The cycles of sea level height and water table height occur on seasonal time 
scales. During summer, these oceanic and terrestrial forces controlling SGD have a 
similar directional affect on the Ra behavior in pore water and in surface water. When sea 
level is higher, this decreases the hydraulic head difference between the water table and 
sea level, and ultimately decrease the influence of terrestrial water during times when sea 
level are high (Gonneea et al., 2013). Similarly, when water table height is low during 
summer, this allows for increased saline intrusion in pore water regardless of sea surface
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height variability. These competing controls have also been hypothesized by Charette 
(2007) but not directly tested. Winter pore water salinities were lower than during 
summer, indicating a stronger terrestrial force when sea surface height was low and sea 
surface was high. Ra in surface water and pore water are therefore affected by sea surface 
height and water table height, but which is the stronger control could not be separated in 
the YRE due to their seasonal overlap. Several other controls on SGD other than sea level 
and water table height (e.g., storms, waves, buoyancy) were not investigated as potential 
seasonal factors, but may be important (Moore, 2010).
5. Conclusions
In the YRE, a major source of Ra that could only be satisfied by SGD was 
determined using a Ra mass balance. Pore water was enriched in Ra relative to surface 
water and behaved conservatively with respect to salinity. As salinity in surface and pore 
water varied with respect to sea level and hydraulic head (as first demonstrated by 
Gonneea et al., 2013), Ra activity observed in pore water and surface water varied. SGD 
estimates made by season were similar, suggesting that Ra fluxes are driven by 
seasonality in the pore water end member rather than SGD volume.
As estimated by Ra, up to 120 L/m2/d of SGD are cycled through the YRE. 
Short-lived Ra isotopes are regenerated more rapidly than long-lived Ra isotopes, 
indicating that short-lived Ra isotopes are best able to account for a variety of different 
and small-scale flow paths including shallow flushing. This hypothesis is supported by 
the range of SGD flux rates calculated by isotope which negatively correlate with isotope 
half-life and therefore regeneration rate.
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Figure 1. York River estuary [VA] surface water dissolved Ra sampling locations.
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Table 1. York River estuary surface water sample salinity and radium activity by site and 
date.
Site Date Salinity 223Ra
(dpm/lOOL)
^ R a
(dpm/lOOL)
" ::'Ka 
(dpm/100L 
)
GP 01/06/12 14.80 0.98 13.80
GP 01/06/12 13.06 2.08 22.77 4.37
CB 01/20/12 14.70 1.24 21.23
Cl 02/08/12 15.36 1.18 16.50
GI 02/08/12 14.81 0.51 4.76
GM 02/08/12 14.88 0.08 1.22 4.56
BB 02/12/12 17.03 12.48 13.09
GP 02/17/12 15.75 3.67 27.61
Cl 02/22/12 15.37 1.26 19.97
GI 02/22/12 15.45 0.00 0.87 4.30
GM 02/22/12 14.63 0.14 1.54 4.06
CB 02/27/12 15.00 2.18 30.32
SP 03/04/12 7.61 1.83 25.97 17.10
WP 03/04/12 2.39 0.71 18.63 7.40
CM 03/07/12 15.97 0.11 1.01 4.24
SP 03/09/12 6.81 2.90 50.26 24.72
CP 03/19/12 9.45 3.96 33.74 12.98
BB 03/25/12 15.70 3.38 34.88 19.44
IF 03/25/12 14.15 1.95 30.94 15.72
GP 03/26/12 15.44 0.09 2.11
GP 07/03/12 21.60 3.79 50.31
Cl 07/11/12 18.77 2.37 34.95 9.23
GI 07/11/12 19.37 4.25 34.28 22.28
GM 07/11/12 18.96 3.92 33.97 25.64
YT 07/11/12 19.13 5.55 48.53 23.52
CB 07/12/12 17.56 3.29 51.87 32.40
MD 07/12/12 18.97 3.95 39.20
GP 07/18/12 19.92 5.59 58.78 41.37
CP 07/19/12 16.19 6.03 70.55
SP 07/23/12 15.54 4.44 25.76 7.51
WP 07/23/12 11.05 3.30 45.80 45.95
MA 07/24/12 0.04 0.31 3.28
IF 07/25/12 20.63 5.58 57.82 14.03
GP 07/30/12 21.82 3.45 49.19
FL 07/31/12 21.33 7.61 62.81 30.92
GP 08/17/12 22.47 4.89 48.87
CB 08/21/12 21.17 3.91 45.32
GP 09/05/12 22.36 5.60 61.90 43.69
PM 09/10/12 0.78 0.31 6.32 11.32
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WP 09/25/12 13.75 3.12 44.20 39.60
GP 09/28/12 22.93 3.49 46.22
Cl 02/05/13 14.41 1.35 19.18
CM 02/05/13 19.49 1.48 15.07
GI 02/05/13 19.56 1.06 12.00
GM 02/05/13 19.48 0.69 14.73
WP 02/06/13 5.32 1.42 24.53
WP 03/02/13 7.97 1.09 34.61
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Table 2. Surface water radium activity, salinity, and tidal height in the Taskinas Creek on 
3 August 2012.
Time
Midpoint Salinity Tidal Height (m)
JURa
dpm/100L
224Ra
dpm/100L
8:43 15.68 1.85 2.8 58
9:55 16.18 2.10 6.2 55
11:03 16.99 2.19 2.2 57
12:20 17.47 2.10 3.0 62
13:41 17.28 1.83 2.8 58
14:55 16.48 1.54 7.1 67
16:14 14.57 1.33 2.6 80
17:29 12.54 1.27 4.6 72
18:29 12.36 1.32 2.5 71
19:25 12.63 1.50 3.3 71
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Table 3. York River estuary pore water radium activity and water quality parameters by 
site, date, and depth.
Site Date
Depth
(cm) Salinity pH
223Ra
(dpm/
100L)
224Ra
(dpm/
100L)
226Ra
(dpm/
100L)
GP 01/06/12 50 5.31 7.45 11 114 47
GP 01/06/12 100 6.8 6.59 11 195
GP 01/06/12 150 4.02 6.81 5 92
GP 01/06/12 210 5.09 6.67 8 123
GP 01/06/12 300 2.63 7.19 5 33
GP 01/06/12 400 3.78 7.13 3 57
GP 02/17/12 50 5.32 7.51 12 215
GP 02/17/12 100 6.89 6.97 17 196
GP 02/17/12 150 5.47 7.01 8 151
GP 02/17/12 200 4.94 6.93 8 104
SP 03/09/12 25 4.49 6.52 10 183 87
SP 03/09/12 50 5.87 6.31 17 199 83
WP 03/09/12 50 1.69 6.27 4 53 55
CP 03/19/12 25 9.27 6.39 30 338 126
CP 03/19/12 40 9.41 7.47 35 337 96
IF 03/25/12 50 0.27 7.54 2 14 48
IF 03/25/12 100 0.18 7.55 1 12
IF 03/25/12 150 0.19 7.69 1 14
IF 03/25/12 200 0.17 7.63 1 2
GP 03/26/12 50 1.93 7.02 7 131
GP 03/26/12 100 1 7.29 19 205
GP 03/26/12 150 9.43 6.47 12 190
GP 03/26/12 250 5.27 6.71 5 153
GP 03/26/12 300 3.6 6.76 2 71
GP 04/25/12 50 4.38 6.83 8 135
GP 04/25/12 100 8.86 6.80 17 310
GP 04/25/12 100 4.04 6.76 9 93
GP 04/25/12 150 7.36 6.70 26 348
GP 04/25/12 250 5.23 6.70 2 48
GP 04/25/12 300 6.20 6.70 2 32
GP 05/27/12 50 4.55 6.67 11 188
GP 05/27/12 100 9.07 6.79 14 366
GP 05/27/12 100 5.78 6.73 13 162
GP 05/27/12 166 7.40 6.82 8 170
GP 05/27/12 200 6.66 6.89 7 100
GP 05/27/12 250 5.31 6.87 8 124
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GP 06/11/12 50 10.59 6.93 28 257
GP 06/11/12 50 9.39 7.07 18 280
GP 06/11/12 50 10.73 6.84 15 293
GP 06/11/12 50 10.37 7.04 13 305
GP 06/11/12 50 10.16 7.07 6 125
GP 06/11/12 100 7.31 6.82 20 275
GP 06/11/12 100 7.28 6.71 16 272
GP 06/11/12 100 6.97 6.87 15 306
GP 06/11/12 100 7.42 7.26 11 312
GP 06/11/12 100 7.46 6.90 8 313
GP 06/28/12 50 14.29 36 467
GP 06/28/12 50 13.53 6.84 27 407
GP 06/28/12 50 13.12 6.81 20 464
GP 06/28/12 50 14.29 6.81 19 424
GP 06/28/12 50 13.87 6.88 18 363
GP 06/28/12 100 23 286
GP 06/28/12 100 7.74 6.87 20 318
GP 06/28/12 100 7.45 6.45 14 255
GP 06/28/12 100 7.73 6.85 13 290
GP 06/28/12 100 7.71 6.8 2 27
GP 07/03/12 50 18.75 6.60 33 541
GP 07/03/12 50 16.63 6.60 26 432
GP 07/03/12 50 15.86 6.87 24 441
GP 07/03/12 50 18.56 6.62 18 475
GP 07/03/12 50 17.37 6.57 16 416
GP 07/03/12 100 18 306
GP 07/03/12 100 8.51 6.81 17 310
GP 07/03/12 100 8.02 6.79 16 278
GP 07/03/12 100 8.63 6.73 14 366
GP 07/03/12 100 8.5 6.73 13 202
GP 07/18/12 50 15.89 6.76 43 615
GP 07/18/12 50 15.34 6.92 42 426
GP 07/18/12 50 15.52 6.84 35 488
GP 07/18/12 50 15.8 6.85 29 483
GP 07/18/12 50 15.33 6.79 25 429
GP 07/18/12 100 7.56 6.83 35 488
GP 07/18/12 100 7.76 6.79 26 368
GP 07/18/12 100 8.06 6.71 17 270
GP 07/18/12 100 7.79 6.85 16 286
GP 07/18/12 100 7.85 6.86 15 297
CP 07/19/12 15 15.19 6.52 18 416 111
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CP 07/19/12 20 15.51 6.45 12 295 129
CP 07/19/12 25 16.05 6.6 31 392 103
SP 07/23/12 25 15.68 7.13 8 59
SP 07/23/12 50 8.72 6.82 12 86 40
SP 07/23/12 75 8.15 6.51 33 636
SP 07/23/12 200 2.15 7.41 2 13
IF 07/25/12 50 0.19 8.32 1 15 104
IF 07/25/12 200 0.28 7.75 2 5
IF 07/25/12 25* 14.97 7.3 37 605 399
IF 07/25/12 25* 8.65 7.28 29 300
IF 07/25/12 25* 5.68 7.7 10 56
GP 07/30/12 50 14.17 6.8 11 344
GP 07/30/12 100 7.5 6.77 23 287
GP 07/30/12 150 7.9 6.78 8 401 138
GP 07/30/12 200 5.23 6.88 4 92
GP 07/30/12 250 5.97 6.83 2 51 60
BB 08/01/12 50 14.76 5.44 153 1599 94
BB 08/01/12 50 12.67 4.41 95 1507
FL 08/09/12 25 3.35 6.94 11 138 39
FL 08/09/12 50 9.61 6.91 45 551 138
FL 08/09/12 100 5.47 6.92 25 289
FL 08/09/12 150 7.87 6.9 51 900 416
FL 08/09/12 200 10 6.92 58 1211
GP 08/17/12 50 16.49 6.84 23 431 173
GP 08/17/12 100 7.67 6.92 11 278
GP 08/17/12 150 7.11 6.76 11 261 128
GP 08/17/12 200 5.84 6.75 6 122 90
GP 09/05/12 25 11.01 6.71
GP 09/05/12 50 9.08 6.77 20 419
GP 09/05/12 100 8.26 6.79 11 260
GP 09/05/12 140 7.46 6.92 18 268 104
GP 09/05/12 190 5.84 6.75 4 112
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BB 09/12/12 10 13.72 6.93
CP 09/12/12 50 15.42 6.43
GP 09/12/12 50 8.42 7
FL 09/19/12 50 16.08 6.79
IF 09/19/12 50 8.47 7.59
SP 09/19/12 50 15.46 6.57
WP 09/25/12 20 8.04 6.29 33 632 84
WP 09/25/12 50 8 6.48 50 596
GP 10/12/12 40 14.63 6.95 6 178 73
GP 10/12/12 75 6.42 7.07 5 72
GP 10/12/12 140 7.11 6.81 9 193
GP 10/12/12 200 5.77 6.83 7 223
GP 11/22/12 25 17.93 6.44
GP 11/22/12 50 16.9 6.73 22 413
GP 11/22/12 90 12.4 7.02 17 373
GP 11/22/12 130 7.5 6.81 14 277
GP 11/22/12 200 5.6 6.86 1 50
GP 12/08/12 25 17.06 6.33
GP 12/08/12 50 15.68 6.84 24 457
GP 12/08/12 70 9.24 7.07 17 248
GP 12/08/12 130 8.17 6.81 11 195
GP 12/08/12 200 5.63 6.89 3 89
GP 01/29/13 30 15.89 7.03 28 304
GP 01/29/13 50 7.17 7.34 13 175
GP 01/29/13 80 6.76 7.21 7 116
GP 01/29/13 110 7.98 7.01 9 258
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GP 01/29/13 150 5.25 6.8 4 67
GP 01/29/13 190 4.88 6.78 5 102
GP 02/25/13 50 6 7.14 8 133
GP 02/25/13 75 6.1 6.77 9 123
GP 02/25/13 110 6.6 6.98 18 269
GP 02/25/13 155 5.2 6.78 5 119
GP 02/25/13 200 4.8 6.79 8 141
GP 02/25/13 310 2.8 7.44 2 51
GP 03/27/13 50 6.51 7.28 10 162
GP 03/27/13 75 6.86 7.22 8 136
GP 03/27/13 110 6.55 7.07 18 245
GP 03/27/13 155 5.35 6.93 4 114
GP 03/27/13 200 4.98 6.95 4 127
GP 03/27/13 310 2.96 7.51 2 47
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Table 4. Physical parameter values used to calculate radium fluxes in the York River 
estuary. _______________________________________________
Term Parameter Value Source
A inarsh YRE tidal marsh area 2.2xl07 m2
County Tidal Marsh 
Inventory*
Ased Subtidal surface area 1.90x10s m2
Jian Shen, personal 
communication
Axaskinas
Taskinas tidal marsh 
area 3.5xl06 m2 Moore, 1980
Cenrich
Taskinas Ra tidal 
enrichment
5.7x10s dpm d’1 
(223Ra) 1.3xl07dpm 
d '1 (224Ra) Measured
F t Taskinas water flux 9.3xl04 m3d‘‘ Measured
^-Ra Decay constant
0.0608 d '1 (223Ra) 
0.1894 d '1 (224Ra) 
0.0000012 d '1 
(226Ra)
RT
Residence time of the 
YRE
41 d (winter) 
150 d (summer) Shen and Haas, 2004
Ssed
Suspended sediment 
concentration 100 mg L '1
Lin and Kuo, 2001; 
Reay, 2009
Vtrib Input from tributaries
6.70xl06 m3 d '1 
(winter 2012) 
6.79x105 m3 d '1 
(summer 2012) USGS, 2013
V y r e YRE volume 8.65x10s m3
Jian Shen, personal 
communication
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Table 6. Submarine groundwater discharge fluxes as a function of season and radium 
isotope.______________________________________
m3/d
(xlO6) L/m2/d
F s g d  223 Ra Winter 7.7±7.3 106±99
F sg d  224Ra Winter 8.8±4.4 120±61
F s g d  226Ra Winter 1.5±1.3 20±17
F s g d  223Ra Summer 6.2±2.8 84±37
F s g d  224Ra Summer 7.0±2.2 96±29
F s g d  226Ra Summer 0.4±0.3 6±4
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Table 7. SGD estimates in Chesapeake Bay made by various methods.
SGD Study Location Method 106 m3/d L/m2/d Study
York River Estuary
Ra Mass Balance 
(223Ra,224Ra, & 
226Ra) 0.4-8.8 6-120 This study
Cherrystone Inlet [VA] Seepage Meters 0.4-80
Reay et al., 
1992
Chesapeake Bay 222Rn tracer 17.0 1.47
Hussain et al. 
(1999)
Elizabeth River
226/22 8Ra m ixing
model 1.0 18.9
Charette and 
Buessler 
(2004)
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Control of subterranean estuary geochemistry on groundwater chemical fluxes 
to the York River estuary, VA (USA)
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Abstract
The subterranean estuary is enriched in many metals and nutrients with respect to 
surface water, acting as a source for some and sink for others. The behavior and 
distribution of various pore water constituents, including nutrients (DOC, TDN, N H 4 ,  
TDP), selected trace metals (Ra, U, Ba, Fe), and PAHs, were investigated in the York 
River estuary from January 2012-March 2013. The behavior of these constituents varied 
with respect to salinity and of these, only Ba was positively correlated with salinity and 
Ra in the subterranean estuary. The regeneration rates of each of the remaining 
compounds varied with respect to the Ra tracers used to derive submarine groundwater 
discharge (SGD) fluxes, and again only Ba was regenerated at a similar rate as Ra. Using 
a 224Ra tracer, Ba fluxes were estimated at 11-12 nmol/m2/d and therefore provide a large 
source of Ba to surface waters. Because no positive correlations were drawn between the 
remaining constituents and salinity or Ra, flux estimates calculated using Ra-derived 
fluxes and constituent concentrations measured near the sediment-water interface only
226 224provide minimum ( Ra) and maximum ( Ra) constituent flux estimates. Findings 
suggests that in order to accurately determine the flux of many of these compounds, 
tracers are needed whose behaviors in the subterranean estuary match their own.
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1. Introduction:
Submarine groundwater discharge (SGD) to the coastal ocean is controlled by a 
variety of physical forcing mechanisms that are closely tied to hydrologic changes in 
terrestrial and oceanic end members (Moore, 1999). Recent work argues that sea level 
may be a stronger control on SGD than groundwater table height, and each typically 
varies through the year (Gonneea et ah, 2013). The compounds present in shallow pore 
water and their SGD fluxes can also vary as function of these forces. For example, in the 
Pamet estuary [MA, US] the presence of nutrients was inversely correlated to salinity 
over all seasons, suggesting that the source of nutrients is SGD and that its discharge to 
the coastal ocean is closely related to hydrological factors controlled by climate 
(Charette, 2007). Other constituents of SGD may be controlled seasonally by the salinity 
of both surface water and pore water, which can impact the particle reactivity for 
compounds like radium (Moore et ah, 1981). Dissolved organic matter may also be 
controlled by seasonal changes because the presence of these compounds is influenced by 
fresh groundwater (Santos et ah, 2009). The variability of dissolved organic matter in the 
Gulf of Mexico is not related to changes in groundwater table height or tidal variability, 
but rather factors like temperature (impacts uptake rates) and feedback from primary 
production exhibits seasonality and are thought to influence the fluxes of these SGD 
constituents over the course the year (Santos et ah, 2009). Overall, a variety of physical, 
hydrological, chemical, and biological forces may play a role in controlling fluxes of 
SGD and its biogeochemical constituents.
Radium (Ra) is enriched in the subterranean estuary (where fresh and salt water 
mix in coastal aquifers) and can be used as a tracer of SGD. Ra activity in pore water and
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surface water can vary seasonally, and Ra tracers suggest variability in the volume of 
water and its contents flowing through subterranean estuary (STE) on a seasonal basis 
(Kelly and Moran, 2002; Loveless et ah, 2008; Crotwell and Moore, 2003; Nozaki et ah, 
2001). In Port Royal Sound [SC, US], no seasonal variability was observed in the fluxes 
of Ra from the sound to the coastal ocean (Crotwell and Moore, 2003); however, salinity 
was strongly correlated with Ra activity. In the Chesapeake Bay, Ra was also strongly 
correlated with salinity (Moore, 1981). In contrast, when Ra was analyzed in the Chao 
Phraya River [Thailand] over a salinity range similar to that of the YRE, a comparison of 
wet and dry seasons found no significant differences in Ra activity in surface water 
across the estuary (Nozaki et al., 2001; Dulaiova et al., 2006).
To investigate seasonal variability in SGD fluxes of pore water constituents, 
shallow pore water and surface water samples were collected monthly at Gloucester 
Point, VA [US], from January 2012 - March 2013. Spatial variability in the pore water 
end member was also measured through sampling at five additional sites across the York 
River estuary during September of 2012. The goals of this study were to 1) examine the 
behavior of pore water constituents including nutrients, selected trace metals, and 
polycyclic aromatic hydrocarbons (PAHs), across the STE in coastal VA [US], 2) infer 
controls on the pore water distribution of these constituents, and 3) use Ra-derived SGD 
fluxes to estimate seasonal fluxes of these constituents from the STE to surface waters.
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2. Methods
2.1 Subterranean estuary sampling
In the winter and summer of 2012, shallow pore water (groundwater) profiles (0- 
200 cm) were sampled using a drive point piezometer (Charette and Allen, 2006) at six 
sites in the York River estuary (YRE) in the intertidal zone (Figure 1). Pore water could 
not be collected from some depths at different sites due to the presence of impermeable 
layers, likely clay lenses. Above a depth of 2m, sediment at all sites was a mixture of 
sands and muds. The BB site had the finest sediment makeup at all attempted sampling 
depths. Following piezometer well installation, the system was flushing via peristaltic 
pumping for a minimum of 5 minutes prior to sampling to help clarify any sediment 
disturbed caused by well installation and reduce the suspended particulate load. Water 
quality parameters (salinity, pH, dissolved oxygen, ORP) were measured using a 
handheld YSI-556. Large volume samples (4 L) were collected for Ra analysis. Pore 
water samples were collected in September 2012 at these sites at the low tide line (50 cm 
depth) for inorganic nutrients (NOx and N H 4 ) ,  trace metals, and PAHs.
Shallow pore water samples were collected monthly from January 2012 -  March 
2013 at Gloucester Point, VA [GP], Pore water samples were collected using a drive 
point piezometer at the low tide line. A groundwater profde was attempted from 0-200 
cm at 50 cm intervals, and 4 L samples were collected for radium analysis and water 
quality parameters. Additional pore water samples for various chemical analyses (DOC, 
TDN, NOx N H 4 ,  trace metals, and PAHs) were collected on some dates coincident with 
the radium samples.
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2.2 Radium analysis
Dissolved Ra was extracted by passing water samples through manganese fiber
columns at a maximum flow rate of one liter per minute (Moore and Reid 1973; Moore
and Scott, 1986; Moore, 2008). After extraction, fibers were rinsed with deionized water
(-500 mL) to remove salt and manually squeezed to achieve an ideal water to fiber ratio
(Sun and Torgerson, 1998; Kim et al., 2001; Moore, 2008). Ra activity was measured
using a radium delayed coincidence counter (RaDeCC) (Scientific Computer
Instruments) (Moore and Arnold, 1996). Initial RaDeCC measurements were made for
the 224Ra and 223Ra isotopes (Moore, 2008). A subset of samples was selected for 226Ra 
226analysis. Samples for Ra analysis were placed in glass flasks fitted with rubber
222stoppers and valves, sealed for 3+ days to allow ingrowth of Rn, and analyzed using 
the RaDeCC total counts category (Waska et al., 2008; Peterson et al., 2009).
The extraction efficiency (94±5%) of the manganese fibers was calculated by 
repeated measurements (n=10) using two columns connected in series. Counting 
efficiency of the RaDeCC was calibrated using a standard Mn-fiber (Scholten et al., 
2010), and background activities (223Ra=0.003cpm; 224Ra= 0.063cpm; Total 
counts=0.725 cpm) were determined using long counts (20+ hours) on the empty 
circulating cells (Garcia-Solsona et al., 2008). Ra measurement uncertainty calculated 
from replicates averaged 13.8% for 224Ra and 14.3% for 223Ra (n=7) and 10.1% for 226Ra 
(n=3).
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2.3 Chemical Analyses
Pore water samples for DOC (60 mL) were collected in duplicate and were 
syringe filtered into acidified polycarbonate bottles using 0.7pm nominal pore-size GFF 
filters (preashed 450C for 4h) and frozen (-20C) until analysis. Samples were analyzed 
for TDOC and TDN using a Shimadzu TOC-V with TN capabilities. Additional pore 
water (60mL) replicate samples for inorganic nitrogen were collected and filtered in to 
acid-washed LDPE bottles using a 0.45 pM capsule filter. Dissolved NFC and NOx were 
measured by the manual hypochlorite method and spongy cadmium method (Koroleff, 
1983), respectively, and analyzed using a Shimadzu UV-1601 spectrophotometer. 
Dissolved organic nitrogen (DON) was estimated by subtracting the tDIN (NFC + NOx) 
from TDN (Sharp, 2002). Total dissolved phosphorous (TDP) was analyzed by ICP-MS 
alongside trace metal samples as discussed below.
Trace metal samples were collected and filtered through 0.45 pM capsule filter 
into acid-cleaned LDPE bottles, and acidified immediately after collection to pH<2 with 
concentrated HC1 (trace metal grade). Samples were stored for a minimum of one month 
prior to analysis to ensure that all metals were in the dissolved phase. Samples were 
diluted 11-fold with 1% Optima-grade H N O 3 ,  spiked with In as an internal standard, and 
analyzed by direct injection on an Element 2 ICP-MS (Beck et al., 2007). Samples were 
analyzed for a suite of trace metals but only P, U, Ba, and Fe are reported here.
Replicate samples of unfiltered pore water were collected in 1L pre-cleaned glass 
bottles (baked at 400°C, solvent rinsed) during September at all pore water sampling sites 
and April, May, and June at the GP site. Samples were immediately placed on ice for 
transport back to the lab where they were refrigerated at 4°C until extraction within 24
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hours of collection. Extractions were done in groups of two to eight samples, and one 
laboratory blank was extracted with each set of extractions. Samples were combined with 
a deuterated PAH surrogate standard mixture (d4-dichlorobenzene, dg-naphthalene, dio- 
acenaphthene, dio-phenanthrene, di2-chrysene, and di2-perylene) and were extracted 
using pre-cleaned separatory funnels with three 40mL additions of dichloromethane. 
Samples were then reduced under nitrogen using a TurboVap evaporator (Zymark) and 
stored at -20°C until further processing. Excess water in the samples was removed using a 
sodium sulfate column and samples were further reduced to lmL. An internal standard 
containing />-terphenyl was added and the samples were further reduced to 100 pL. 
Samples were analyzed using gas chromatography/tandem mass spectrometry (Varian 
CP-3 800/Saturn 2000) and analyzed using selected ion monitoring using Varian software. 
PAH concentrations were corrected for recovery (d4-dichlorobenzene = 9±3%, dg- 
naphthalene = 23±6%, dio-acenaphthene =56±14%, dio-phenanthrene = 48±8%, di2- 
chrysene = 38±3%, di2-perylene =34±4%) (Spier et al., 2011). Low recovery may be 
related to the nature of groundwater samples (low pH, sulfidic, rich in organic carbon). 
The limit of detection was approximately 0.01 pg/L per analyte.
3. Results
3.1 Radium
Radium activity in shallow pore water (groundwater) was highest during the
223 224 226summer and lowest during winter (Table 1). Pore water Ra, Ra, and Ra were 
positively correlated with salinity (R2 = 0.23, 0.34, and 0.32, respectively, p<0.01 for all
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regressions) when outliers were removed (Figure 2). Radium behavior in pore water is 
discussed further in Chapter 1.
3.2 Nutrients
Dissolved organic carbon concentrations in pore water collected at the GP site 
ranged from 258 to 2770 pM (820±410 pM; Table 1). DOC exhibited non-conservative 
addition with respect to salinity, and peak concentrations were observed at mid-range 
salinities (8-14) at depths of 25-100cm (Figure 3, Figure 4). The highest DOC 
concentrations (>1800 pM) observed were collected at the shallowest depths in 
September 2012 when surface and pore water salinities were high. These concentrations 
are much higher than most DOC measurements but also indicate non-conservative 
addition of DOC with salinity. Pore water was enriched relative to surface water DOC in 
the YRE (200-500 pM) (Raymond and Bauer, 2001).
Total dissolved nitrogen (TDN) ranged from 63 pM to 382 pM and was 
negatively linearly correlated with salinity (R2 = 0.44) (Figure 4). Only a limited number 
of samples were collected at salinities below 5 (n=2), but TDN appears to be enriched at 
low salinities. The most abundant inorganic nitrogen species was ammonium, which 
made up of the largest fraction of tDIN in all samples and contributed >90% of tDIN in 
most samples. Pore water was generally reducing (ORP< -200mV) at most depths, 
indicating why most inorganic nitrogen is found in the reduced form (Slomp and Van 
Cappellen, 2004). NH4 was strongly negatively correlated with salinity (R =0.51) when 
one outlier was excluded (BB site, 9/12/12) (Figure 4). Similar to TDN, N H 4  appears to 
be highly enriched at low salinities and at depth, indicating a fresh groundwater source.
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N 0 X was below 1 pM in all groundwater samples, and is omitted from subsequent 
discussion because it typically represented less than 5% of the TDN. This is consistent 
with previous observations in the YRE, where substantial NOx (up to 23 pM) was only 
observed in a few shallow samples (Kellum et al., in prep.; I. Anderson, VIMS, 
unpublished; Salisbury, 2011). DON calculations were made for October 2012 and 
February 2013 and made up >50% of the TDN on each sample, similar to previous 
investigations (Kroeger et al., 2007). No relationship of DON was observed with respect 
to salinity, although this may be related to the small number of observations (n=9).
TDP was highly variably but appears to be added non-conservatively with respect 
to salinity in the STE (Figure 4). TDP concentrations peaked between salinities of 6 and 
10 and the maximum TDP concentration of 45 pM, as did NEE. The minimum TDP was 
2.0±0.1 pM. Similar TDP and DIP concentrations were observed in the GP area 
previously (Salisbury, 2011; I. Anderson, VIMS, unpublished).
3.3 Trace Metals
Uranium (U) in pore water ranged from 0.08 to 8.12 nM and was removed non- 
conservatively with respect to salinity in nearly all samples (Figure 4). U is removed 
under anoxic conditions in pore waters (e.g. Barnes and Cochran, 1993), but where U was 
higher than expected relative to conservative mixing (n=2), oxygen levels were similar to 
most pore water samples (<5% below 50cm).
Pore water Ba was lowest at low salinities, ranging from 10.8 nM in nearly fresh 
pore water to >450 nM at high salinities. Ba was strongly correlated with pore water
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2salinity (R = 0.47) (Figure 4), and was enriched relative to surface waters, indicating that 
the STE is a source of Ba to surface waters.
Pore water Fe was consistently low (<1 pM) at depths greater than 150 cm and 
enriched in most samples collected at 50 cm (1.7-72 pM), coincident with an observed 
layer of Fe-oxides in sediment (Kellum et al., in prep.). Fe at 50cm depth was enriched 
relative to surface waters (<1 pM, Kellum et al., in prep). No clear distribution of Fe was 
observed with respect to salinity (Figure 4); samples appear to be distributed more 
clearly with respect to depth, with the highest of observed Fe near 50 cm.
3.4 PAHs
Shallow pore water collected from April 2012 - September 2012 had PAH 
concentrations that ranged from below detection limit (10 ng/L) to greater than 1000 ng/L 
for individual PAHs (e.g., 1546 ng/L fluoranthene) (Figure 4). Thirty PAHs (Absolute 
Standards, Inc. #93462) were searched for in samples, however, relatively few of these 
congeners were consistently found in samples (Table 2). PAHs were only present in 
shallow samples (<50 cm depth), and fluoranthene was generally the most abundant 
compound. A different mixture of PAH congeners (acenaphylene, acenaphthene, 1- 
methyl-phenanthrene, and perylene) were observed in April 2012, compared with other 
pore water samples. Fluoranthene was quantified at four of five sites, and had a mean 
concentration of 259 ng/L. The second most abundant sample was pyrene, which was 
quantified at three of five sites and had a mean concentration of 154 ng/L. Because 
sample concentrations of individual PAHs were extremely variable, PAH concentrations
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are reported as the sum of 30 PAH congeners (ZPAH30). The range for ZPAH30 was from 
below detection to 2580 ng/L (BB), and the median was 90 ng/L.
4. Discussion
4.1 Behavior of constituents in pore water
Dissolved organic carbon
DOC is non-conservatively added with respect to salinity, indicating an 
autochthonous source within the subterranean estuary. The source of DOC in shallow 
pore water is likely particulate organic matter (e.g. sea grasses, benthic diatoms) on the 
sediment surface that is physically and biologically degraded and advected in to the 
shallow pore water (Santos et al., 2009). DOC has been shown to behave both 
conservatively and non-conservatively in pore waters with respect to salinity (Beck et al., 
2007; Santos et al., 2008; Santos et al., 2009). This relationship may be a function of the 
physical mixing processes and rate of biological production and consumption in the pore 
waters, which are variable between sites and seasons (Santos et al., 2009). DOC has been 
suggested as an electron donor for denitrificiation along steep redox potential gradients 
(Addy et al., 2005; Santos et al., 2008). Oxygen availability steeply dropped off where 
peak DOC in the pore water was measured and therefore may be an electron donor for 
denitrification.
High concentrations of DOC in the pore water relative to the surface waters 
indicates that SGD represents a source of DOC to the YRE. DOC entering YRE surface 
water has a predominately terrestrial source with an approximate age of a few decades,
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but the stable carbon signature of DOC leaving is much more marine in origin (Raymond 
and Bauer, 2001). Autochthonous DOC represents as much as 38-56% of the DOC 
present in surface water at the YRE mouth, an input of 1.2 pM/L/d (Raymond and Bauer, 
2001). Non-conservative DOC addition to YRE surface waters as estimated by Raymond 
and Bauer (2001) is equivalent to an area-normalized rate of 5.5 mmol C/m /d. Known 
DOC production mechanisms such as photo-oxidation and bacterial degradation were 
unable to account for the observed excess DOC measured in surface waters mid-estuary 
in the YRE (Raymond and Bauer, 2001). Additionally, many of these sources do not 
remain constant through seasonal changes in temperature and light availability, but the 
amount of mid-estuary enrichment remained constant throughout the seasons suggesting 
a constant source of these compounds. Therefore, DOC-enriched SGD may be able to 
supply DOC to the surface water.
Nitrogen
High concentrations of TDN and NH4 at low salinities indicate a fresh 
groundwater source for these compounds. TDN and N H 4  concentrations in shallow pore 
water were comparable to estimates made during the summers of 2008 and 2009 in the 
YRE near the GP site (Salisbury, 2011; I. Anderson, VIMS, unpublished). TDN in YRE 
surface water is high when freshwater input is low, suggesting base flow (groundwater 
input) provides substantial TDN (Reay, 2009). The north shoreline of the YRE is largely 
residential with high septic tank use, which can contribute high TDN loads (e.g. 5000 
pM) (Reay, 2004). However, the south bank is mostly green spaces, military and 
industry, each of which can also contribute substantial N to shallow groundwater (Figure
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5). Additionally, N may be supplied to the STE through the degradation of organic matter 
advected in to pore water or occurring in situ (Santos et al., 2009) and removed through 
denitrification (Addy et al., 2005; Santos et al., 2008).
Positive correlation of N with depth and negative correlation with salinity have 
been observed in shallow subterranean estuaries globally, including Cherrystone Inlet 
[VA], Hasaki Beach [Japan], Jamaica Bay [NY], and the Gulf of Mexico (Reay et al., 
1992; Uchiyama et al., 2000; Beck et al., 2007; Santos et al., 2009). In the Gulf of 
Mexico, N at mid depths (~50cm) was strongly negative correlated with salinity, but 
deeper depths were not (Santos et al., 2009). In Jamaica Bay, Hasaki Beach, and 
Cherrystone Inlet, regeneration of N with depth was observed, and this behavior in 
Jamaica Bay was attributed to remineralization of organic matter (Reay et al., 1992; 
Uchiyama et al., 2000; Beck et al., 2007).
There were no clear seasonal changes in the distribution of TDN in the STE at the 
GP site. Seasonal variability of nitrogen in the shallow STE has been observed previously 
in temperate environments due to variable remineralization rates (Rutkowski et al., 1999; 
Uchiyama et al., 2000; Jahnke et al., 2005; Ullman et al., 2003; Santos et al., 2009). In 
previous studies, DIN concentrations in shallow groundwater (<2m) were very high in 
late summer (Aug., Sept.) but decreased 5-fold to reach a December minimum 
(Uchiyama et al., 2000). Seasonal changes in groundwater nutrient concentrations in the 
nearby South Atlantic Bight and Delaware Estuary were hypothesized to be related to 
sedimentary remineralization rates, and this likely also caused the seasonal differences 
observed on Hasaki Beach [Japan] (Uchiyama et al., 2000; Jahnke et al., 2005, Ullman et 
al., 2003). Seasonal differences in nitrogen uptake rates by phytoplankton as well as
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differences in microbial remineralization rates have also been suggested as factors 
affecting nutrient variability in the shallow subterranean estuary (Santos et al., 2009). The 
lack of observed seasonality in N species at the GP site may be due to the deep, meteoric 
source of groundwater that is less likely to show strong seasonality compared to surface 
POM production and microbial remineralization rates.
Phosphorous
TDP is highly variable and appears to be added non-conservatively with respect to 
salinity, indicating an autochthonous source. Previous phosphate measurements in the 
shallow pore water (<20 cm) at the GP site varied from 4.6 to 21.5 pM, though salinities 
were not reported (Salisbury, 2011). The high variability in TDP distributions with 
respect to depth and salinity suggests that a combination of factors may be affecting TDP 
distribution. A similar trend where TDP peaks at mid-depths was observed in Hasaki 
Beach [Japan] (Uchiyama et al., 2000). Inorganic phosphate is typically rapidly removed 
from groundwater through sorption to iron oxides (Slomp and Van Capellen, 2004; 
Charette and Sholkovitz, 2002), which are visually evident at the GP site between 25 and 
50cm. However, no correlation is observed between dissolved Fe and P in pore water at 
the GP site (Figure 6). Additionally, this sorption process is less efficient under 
anaerobic conditions (Slomp and Van Cappellen, 2004). Recently, it has been suggested 
that the sulfate oxidizing bacteria, Beggiatoa, may act as mediators of P movement in 
STE, providing a substantial source of TDP to overlying surface water (Dale et al., 2013). 
Beggiatoa bacteria are present at the GP site (Beck et al., unpublished), indicating that
their presence may provide a TDP source which may explain why such low N:P ratios are 
observed in discharge (—3:1).
Uranium
Dissolved U was depleted by as much as 4 nM relative to conservative mixing 
and complete depletion was observed within 1 m of the surface (Figure 4). U is removed 
from solution by precipitation following the reduction of U(VI) to U(IV) (Lovely et al., 
1990; Barnes and Cochran, 1993; Windom and Niencheski, 2003; Charette and 
Sholkovitz, 2006). Removal of dissolved U in the STE due to reducing conditions is 
consistent with the low oxygen concentrations and reduced N-species observed in pore 
water. Sulfate reducing microbes have been identified to mediate U reduction (Barnes 
and Cochran, 1993), and hydrogen sulfide gas was evident at depths below 1 m at most 
sites in the York River STE. A lack of sulfate-reduction at the IF site may explain why U 
levels were higher than expected from conservative mixing. Substantial removal of U in 
the STE is consistent with observations from numerous other sites (e.g. Shaw et al., 1994; 
Duncan and Shaw, 2003; Moore and Shaw, 2008; Charette and Sholkovitz, 2006; Santos 
et al., 2011).
Barium
Dissolved Ba was enriched in the shallow STE (up to 440 nM) relative to surface 
water (191 nM), and concentrations were higher than could be explained by conservative 
mixing. Multiple mechanisms have been proposed as sources of Ba within the STE. 
Previously, Ba has been associated with Fe- and Mn-oxides, co-precipitating and
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adsorbing to these metal oxides during their reductive dissolution (Shaw et al., 1998; 
Charette and Sholkovitz, 2006; Moore and Shaw, 2008; Santos et al., 2011). However,
Ba was not correlated with Fe in pore waters (Figure 6) so this mechanism is unlikely to 
be the controlling mechanism. More likely, enrichment is due to Ba desorption from sand 
surfaces during saline intrusion. Ba is strongly correlated with salinity (R2 = 0.56) as well 
as 224Ra (R2 =0.67) and 223Ra (R2=0.47) (Figure 7). Ra is known to be controlled by 
desorption as a function of salinity (Moore, 1981; Webster et al., 1995) and this strong 
correlation with both salinity and Ra suggests that the distribution of Ba in pore water is 
also a function of increased desorption across the STE salinity gradient.
Iron
Dissolved iron was consistently highly enriched at mid-depths (50 cm) with 
shallower depths lower but still enriched relative to surface waters (Kellum et al., in 
prep.). Similarly, in Great South Bay, dissolved iron peaked at a depth near 50 cm. Here, 
it was suggested that Fe precipitation at these depths was caused by changes in pH (Beck 
et al., 2010; Spiteri et al., 2006). However, there is no clear relationship of Fe with pH in 
the YRE (Figure 6). In Waquoit Bay, sediment cores revealed the oxidative precipitation 
of Fe to form Fe-oxide rich sediments at depth (Charette and Sholkovitz, 2002). In the 
Waquoit Bay system, fresh groundwater was enriched in dissolved Fe and was the 
proposed Fe source; in the YRE samples collected at depth had low levels of dissolved Fe 
(Charette and Sholkovitz, 2002). In both Waquoit Bay and Great South Bay, pore water 
Fe was consistently an order of magnitude or more higher than was measured in the YRE 
(Charette and Sholkovitz, 2002; Beck et al., 2010). There is no clear surface water or
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deep groundwater source of Fe in the YRE so it is likely that the Fe-oxide rich sediment 
is continuously oxidized and reduced within the STE.
Polycyclic aromatic hydrocarbons
High spatial variability was observed for PAH congeners and their concentrations 
in pore water. PAH concentrations in pore water were much higher than York River 
surface water (Countway et al., 2003), suggesting that SGD is a source of PAHs to the 
YRE. PAHs were not correlated with salinity (Figure 4), indicating that salinity did not 
control the distribution of PAHs. Rather, PAH distribution in pore water may be 
associated with current and legacy land use. Sample sites encompassed a variety of 
adjacent land use types, including forested, residential, military, and mixed use (Figure 
5). The most rural and pristine site was the SP site, located within the York River State 
Park, an extensive reserve that is primarily forested and protected wetlands. This site had 
no PAHs above the limits of detection (10 ng/L) in pore water samples. The FL and IF 
sites are both generally rural, but have major military operations near shore (Camp Peary, 
Yorktown Naval Weapons Station) and a highway 50 m or less from the shoreline. 
Vehicular traffic on the military bases and nearby highway may also represent local 
sources of PAHs via atmospheric deposition and runoff. Low PAH concentrations were 
observed at these sites in shallow pore water. High PAH concentrations have been 
observed in storm water runoff from highways, pulsing from <300 ng/L to >4000 ng/L 
(3-5 ringed PAHs) during two rain events (Spier et al., 2011). Some portion of storm 
water runoff is likely to percolate in to shallow groundwater and may be transported to 
the YRE via SGD. The highest PAH concentrations were observed at the BB site, which
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is residential in nature. High PAH concentrations here may be related to creosote-soaked 
pilings, which are extremely high in PAHs (Wendt et al., 1996). Additionally, this PAH 
site may be related to atmospheric deposition of PAHs originating from the industrial 
south shore.
4.2 Using Ra SGD fluxes for chemical constituents
Flux estimates by isotope (Fc) are calculated by Equation 1. Surface water 
constituent concentrations (Cs) (from samples collected at the GP site and literature 
values from the YRE) were subtracted from pore water samples concentration (Cp) to 
ensure estimates limited simple recirculation of these constituents from discharge 
estimates (Santos et al., 2008). Pore water concentrations at discharge were estimated as 
the constituent concentration measured at the mean salinity of YRE bottom waters 
(winter, 13.8; summer, 18.4; Table 3). Ra-derived SGD fluxes ( F s g d ) for summer and 
winter were calculated in Chapter 1. Seasonal fluxes of chemical constituents are 
averaged to determine an approximate “annual” flux. Because all constituent flux 
estimates are based on the same salinity distribution and rely on the same water flux data, 
all estimates are largest when the 224Ra isotope is used and smallest when calculated by 
the 226Ra estimate.
Fc = (Cp - C s) * F sgd ( 1 )
Nutrients
2 ,
Annual DOC fluxes range from 11-78 mmol/m /d (Table 4). This quantity
represents a significant source of DOC to surface waters. The input of DOC from SGD
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has been estimated in other basins to range from 21-34 mmol/m2/d (Australia, Florida) 
(Santos et al., 2008; Santos et al., 2012). Raymond and Bauer (2001) estimated an 
autochthonous DOC input of 1.2 umol C/L/d to the YRE surface waters. Scaled to an 
average YRE depth of 4.55m, this is equivalent to an SGD source of 5.5 mmol/m2/d. 
These estimates suggest that SGD can account for at least half of this input of DOC to the 
YRE, and may account for nearly an order of magnitude.
Estimated annual fluxes for TDN and NH4 range from 1-7 and 1-7 mmol/m2/d, 
respectively. DON fluxes are not calculated due to limited data at high salinities, but are 
likely similar in magnitude to N H 4  fluxes as N H 4  and DON concentrations were similar 
in magnitude. Scaled up to basin-wide estimates, TDN from SGD represents between one 
tenth and twice as much of the input of TN (dissolved+particulate) entering the YRE via
3 3the Mattaponi and Pamunkey Rivers (0.3-7.5 10 kg/d vs. 3x10 kg/d) (Langland et al., 
2007). SGD may supply up to 75% of the TN entering the entire YRE by all sources 
(lxlO4 kg/d) (Dauer, 2005). Sources of N to the Mattaponi and Pamunkey are mostly 
agriculture, urban areas, and forest (Sprague et al., 2000). In addition to near shore septic 
systems (Reay, 2004), the aforementioned sources are also likely the dominant sources of 
N to YRE surface water as well as fresh groundwater in the YRE watershed that 
eventually enters the STE and discharged via SGD. Direct discharge near septic systems 
in coastal Virginia had DIN fluxes that averaged 2.0 mmol/m /d with a maximum of 36 
mmol/m2/d (Reay, 2004). Estimates of DIN fluxes as high as 56 mmol/m2/d have been 
made in coastal Virginia [Chingoteague] (Simmons, 1988). Because SGD does not 
exhibit significant seasonality, TDN from SGD is more important during dry periods than
wet because TN via fresh tributaries is largest during periods of groundwater saturation 
(e.g. winter).
Annual TDP fluxes through the STE range from 0.3-2.5 mmol/m2/d. This flux is 
larger than the inorganic P measured in direct discharge by seepage meters in coastal 
Virginia, which averaged 0.03 mmol/m2/d (Reay, 2004). This difference may be 
influenced by 1) a low ratio of P O 4 " 3 :TDP, 2) changes in P behavior near the sediment- 
water interface that are not captured by the Ra-mass balance technique or 3) system 
disruption caused by seepage meters deployment. SGD represents, at minimum, a source 
equivalent to one third of the Mattaponi and Pamunkey River input of TDP (290 kg/d) 
(Langland et al., 2007). At maximum, SGD provides more than twice the input of TDP to 
the entire YRE from river input (930 kg/d) (CWVa, 2005). The ratio of TDN:TDP at the 
sediment-water interface is low, approximately 3:1 regardless of isotope used. The ratio 
of TDN:TDP in SGD has been used to correlate SGD-derived N with a HAB outbreak in 
the southern sea of Korea (Lee and Kim, 2007). Without understanding how these ratios 
change near the sediment-water interface as well as how calculated fluxes vary depending 
on the half-life of the Ra isotope tracer, it is difficult to track and ultimately manage the 
impact of SGD-derived nutrients on surface waters.
Trace Metals
On an annual basis, uranium was removed non-conservatively at a rate of 0.06-0.5 
pmol/m2/d. Regardless of the Ra tracer used, the U content of water that passes through
the STE is significantly altered and U removed. These removal rates are similar to those
2 2 found along the Florida gulf coast (1 pmol/m /d), Waquoit Bay, MA (0.4 pmol/m /d) and
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South Carolina (0.2 pmol/m2/d) (Santos et al., 2011; Charette and Sholkovitz, 2006; 
Duncan and Shaw, 2003). Alternatively, some studies have observed U addition via SGD 
(Swarzenski and Baskaran, 2007). In the karstic Tampa Bay, an area about half the area 
of the Chesapeake Bay, U was added via SGD at a rate 83 to 203 mol/d (compared to 
losses in the York River estuary of 3.6- 47 mol/d). However, in some sampling locations 
U removal was observed in Tampa Bay (Swarzenski and Baskaran, 2007). Two pore 
water samples in the YRE fell above the conservative mixing line, suggesting U may 
have been added at these sites during sampling (>7.4 nM at salinities <16). Similarly, a 
handful of samples were collected where the addition of U was observed in the northern 
Florida gulf while U-removal in SGD dominated the system (Santos et al., 2011). The 
variability in addition versus removal of U observed between sites and systems is likely a 
function of the physical mixing that occurs and the underlying sediment type of the 
sampling sites. The presence of Fe- and Mn- oxides in sediments can control U 
availability (Barnes and Cochran, 1993). If the underlying sediments are enriched in U 
and are flushed rapidly, shallow pore water may remain oxic and SGD may ultimately be 
a source of U to surface waters. Alternatively, if the rate of flushing by oxic seawater 
through sediments is slower, anoxia may develop and U removal will subsequently occur. 
Similarly, the amount of organic material available can contribute to anoxia and 
subsequently contribute to U removal by controlling the dissolved oxygen availability. 
The combination of these controls is a possible explanation as to why differences are 
observed within systems as well as between systems.
Unlike all other measured pore water constituents, Ba is positively correlated with 
Ra, indicating that the flux rate calculated using either 223Ra or 224Ra is not a minimum or
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maximum but rather a reasonable estimate of the Ba flux through SGD. Ba was added 
non-conservatively across the subterranean estuary at a rate of 1-13 pmol/m2/d. Similar 
rates of Ba addition were observed along the northern FL gulf coast (8 pmol/m2/d) and 
the South Atlantic Bight (10 umol/m2/d) (Santos et al., 2011; Moore and Shaw 2008).
Fe is known to be redox sensitive, which may control its distribution. However, 
because Fe had no clear distribution across the STE with respect to salinity or Ra, fluxes 
via SGD were not calculated.
Polycyclic aromatic hydrocarbons
Because of the variability in the individual PAH congeners present in any given 
sample, 30 congeners were summed (ZPAH30) for the purpose of calculating fluxes. The 
distribution of EPAH30 was not related to salinity (R = 0.01) and therefore, a median 
EPAH30 was used to determine fluxes to account for the limited sample number and a 
single highly enriched sample. The SGD-derived ZPAH30 flux was calculated to be 1.2- 
9.7 ng/m2/d, which is much lower than atmospheric deposition measured in the 
Chesapeake Bay measured in the early 1990s (1-16 pg/m /d; Leister and Baker, 1994). 
PAH concentrations in direct runoff from a local major highway (up to 2-4.7 pg/L; Spier 
et al. 2011) and maximum concentrations observed in pore water in the current study (2.6 
pg/L) were similar. This suggests that the pore water and the STE may not represent 
efficient removal routes for PAHs originating in surface runoff. PAHs in pore water have 
not previously been measured, so other organic compounds with similar behavior in 
groundwater are provided for comparison. High pesticides fluxes were measured near 
agricultural sites in the Chesapeake Bay, ranging from 7.7 to 26.9 pg/m /d. (Gallagher et
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al., 1996). Pharmaceuticals and pesticides have been found in coastal groundwater around 
Long Island and the Yucatan peninsula (Zhao et al., 2011; Metcalfe et al., 2011). 
Robinson et al. (2009) suggested that tides significantly enhance BTEX attenuation in the 
near-shore aquifer. SGD may provide a long-term source of PAHs to surface waters, 
acting as a source for PAHs long after their initial deposition.
4.3 Variability and Sources of Error
Flux estimates are provided for a variety of compounds as discussed in Section 
4.2. However, these flux estimates have large associated errors due to measurement 
techniques as well as variability among samples and across sites (T a b le  4). Although the 
majority of constituent samples were collected at the GP site, samples collected across 
sites were distributed similarly with respect to salinity, suggesting similar sources and 
controls across sites.
Even if errors on estimates made using Ra-derived SGD fluxes for individual
224isotopes were small, the variability suggested by comparing estimates made using Ra 
and 226Ra-derived SGD flux rates are in most cases an order of magnitude apart (T ab le  
4). As discussed previously in Chapter 1, what exactly Ra-derived SGD fluxes represent 
is unclear. Each Ra isotope provides a different flux estimate of SGD, which is related to 
their rate of regeneration. The short-lived 224Ra in-grows from its parent thorium much 
more rapidly than the long-lived 226Ra isotope, and therefore accounts for higher rates of 
flushing occurring near the sediment-water interface. Therefore, when constituent 
concentrations are applied to these Ra-derived SGD fluxes, the calculated constituent 
fluxes are by definition variable, but how exactly they compare to one another is unclear.
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To accurately be able to use Ra as an SGD tracer for various constituents, the relationship 
between the two must be better understood. For example, Ra is an ideal tracer for Ba 
because the two are correlated in pore water (Figure 7). It is understood that these two 
compounds behave similarly pore water, where they are both released by cation 
exchange. However, it is still unclear which isotope of Ra provides the most accurate 
SGD flux for this compound because it is not clear what SGD flow paths are a) releasing 
Ba and b) represented by each Ra isotope SGD flux. SGD fluxes determined using an Ra 
tracer are only ideal for those compounds whose reaction rates occur at the similar rates 
as a given Ra isotope tracer, which are unknown for the compounds measured in this 
study for the YRE.
Although the remaining measured pore water constituents are not correlated with 
Ra, SGD-derived fluxes are made to point to draw the reader’s attention to the large 
variability associated with these methods. Based on comparisons of these fluxes against 
literature values made using Ra-, Rn-, derived fluxes and direct measurements, this
224 223 226suggests that Ra and Ra provide high end estimates of fluxes, while Ra fluxes 
provide low end estimates. Extrapolating Ra fluxes to across the board constituents 
appears to be a largely inaccurate way to. Direct measurements likely provide more 
accurate estimates for compounds that are not affected by changing redox conditions that 
occur when installing benthic chambers. In the case of redox-sensitive compounds, other 
tracers with more similar behavior to the compounds of interest should be used as tracers 
until the flow mechanisms of Ra-derived SGD fluxes are better understood.
93
5. Conclusions
Nutrients, trace metals, and PAHs were measured in pore water in the YRE. The 
distribution of each element across pore water depth and salinity gradients were 
investigated and each measured constituent (except PAHs and Fe) had a clear distribution 
with respect to salinity. Each measured constituent was added non-conservatively in the 
subterranean estuary except U, which was non-conservatively removed. The relationship 
between the behaviors of these constituents with respect to a Ra tracer was investigated
223 224and only Ba was positively correlated with both Ra and Ra in pore water. Because 
nutrients, U, and PAHs were not correlated with the short-lived Ra isotopes, it is unlikely 
that their rates of production and removal occur on the same time scale as Ra. Therefore, 
Ra-derived SGD fluxes are imprecise estimators of the input rates of these compounds in 
the YRE. Ra-derived SGD fluxes were calculated for summer, winter, and annually using 
pore water concentrations at near-surface water salinities using three Ra isotopes. The 
combination of short-lived and long-lived Ra isotopes provides minimum (226Ra) and 
maximum (224Ra) estimates of SGD fluxes for DOC, nutrients, U, and PAH compounds.
94
Figure 1: Pore water sampling locations along the YRE
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Table 2. PAH congeners in analysis method and if quantitatively detected in at least one 
sample.
Compound Detected?
Naphthalene yes
Benzo[b]thiophene no
2-methyl napthalene yes
1 -methyl napthalene yes
biphenyl yes
2,6 -dimethy lnapthal ene yes
acenaphylene yes
acenapthene yes
dibenzofuran no
2,3,5,-
trimethylnapthalene yes
fluorene yes
dibenzothiophene yes
phenanthrene yes
anthracene yes
carbazole yes
1 -methyl phenanthrene yes
Flouranthene yes
pyrene yes
benz(a)anthracene no
Chrysene no
benzo(b)flouranthene yes
benzo(k)flouranthene yes
benzo(e)pyrene yes
benzo(a)pyrene yes
perylene yes
indeno(l ,2,3,cd)pyrene yes
benzo(g,h,i)perylene yes
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Table 3. Chemical constituent concentrations in shallow pore water and surface water 
used to calculate SGD fluxes by season. Surface water sources in order: aRaymond and 
Bauer, 2001; bReay, 2009; °Epstein and Zander, 1978; dMoore and Shaw, 2009; eJian 
Shen, personal comm. * no error is included because concentration is a median value. 
Standard deviation is expected to be larger than the median value.
Pore water 
Winter
Pore water 
Summer
Surface
Water
DOC (uM) 1325±1080 750±120 350a
TDN (uM) 110±65 65±40 25b
TDP (uM) 33±6 13±8 0.9b
NH4 (uM) 95±80 34±8 5b
Ba (nM) 230±130 430±140 200c
U (nM) 1.1±0.8 1.2±1.3 5.5d
SP AH30 (ng) 90* 90* -
Salinity 13.87 17.44 15-19e
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Table 4. Seasonal and annual constituent SGD fluxes in mmol/m2/d other than as noted. 
*No statistical error was propagated for PAHs due to use of the median rather than mean; 
therefore error is expected to be larger than value shown for each. AError on seasonal 
averages is not propagated but is expected to be larger than values shown.
224Ra 223Ra 226Ra
Summer
DOC 39±19 34±16 2.4±1.2
TDN 3.8±4.5 3.3±3.9 0.2±0.3
TDP 1.2±0.8 0.9±0.7 0.07±0.05
n h 4 2.8±0.8 2.4±0.7 0.17±0.05
Ba 0.022±0.017 0.019±0.015 0.001±0.001
U 0.0004±0.0001 0.00036±0.00001 0.00002±0.0004
ZPAH30 (ng/m2/d) 8.6* 7.6* 0.5*
Winter
DOC 120±140 10±15 19±22
TDN 10±10 9.3±11 1.7±1.3
TDP 3.9±2.1 3.4±3.2 0.6±0.1
n h 4 11±11 9.3±12 1.7±1.5
Ba 0.004±0.02 0.003±0.018 0.7±4
U 0.0005±0.0004 -0.0005±0.0005 0.00008±0.0007
SPAH30 (ng/m2/d) 10.8* 9.5* 1.8*
AnnualA
DOC 78 69 11
TDN 7.2 6.3 1
TDP 2.5 2.2 0.3
n h 4 6.7 5.9 1
Ba 0.013 12 0.001
U 0.0005 -0.0004 -0.0006
EPAH30 (ng/m2/d) 9.7 8.6 1
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Summary and Conclusions
Radium was enriched in pore water relative to surface waters and was used as a 
tracer of SGD in the YRE. Non-SGD sources and sinks of Ra were measured in the YRE 
and a significant imbalance was observed. SGD of Ra was determined the only way to 
satisfy this large mass imbalance. The Ra pore water end member was correlated with 
salinity, was seasonally variable, and was used to determine approximate annual SGD 
fluxes of 6-118L/m /d. Each Ra isotope provided a different SGD flux which together 
span more than order of magnitude. This study suggests that the calculated SGD fluxes 
vary according to the Ra isotope regeneration rate, which is a function of the Ra isotope 
half-life. These isotope-specific SGD fluxes therefore likely represent mixing occurring 
through different zones of the STE.
The behavior of dissolved DOC, TDN, NH4, TDP, U, Ba, Fe, and PAHs in pore 
water was investigated and compared to the behavior Ra in the York River STE. Both 
TDN and NH4 had either a deep groundwater source or were not removed, while DOC 
and TDP were added non-conservatively and U was removed non-conservatively within 
the subterranean estuary. PAHs and Fe had no distinct distribution with respect to salinity 
or Ra. Fe variability was likely related to the presence of Fe-oxides in the sediments 
while PAH variability was likely caused by near-shore land use. Only Ba was positively 
correlated with Ra (as well as salinity) in pore water, and a flux of 11-12 pmol/m /d was 
estimated. Because the behavior of each pore water constituent other than Ba was not 
correlated with Ra, Ra-derived SGD fluxes do not provide accurate flux estimates for 
these compounds. Therefore, this study provides only minimum and maximum estimates
226 224of these constituent fluxes through SGD using Ra and Ra, based on the assumption
I l l
that the regeneration rate of each constituent falls between the regeneration rate of these 
two isotopes in pore water. In order to accurately determine the flux of these compounds 
in SGD, a tracer with the same behavior must be used. This study suggests Ra-derived 
SGD fluxes are imprecise and should not be used to estimate nutrient or other pore water 
constituents unless the compound of interest has the same behavior in pore water as Ra.
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